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Introduction 

THE spectacular development of radar during World War II remains 
an outstanding achievement in the history of communications and the 
allied electronic sciences. With military necessity furnishing the required 
driving force and through the full interchange of technical knowledge among 
all interested workers in this field, it has been possible to extend our visual 
senses far beyond the horizons considered quite inelastic only a few years 
ago. The potentialities of radar in the peacetime world and the future 
application of radar design principles and techniques to the communications 
and allied fields justify a review of some further details of this wartime de- 
velopment. 

The performance and design aspects of radar receivers will be considered 
in this paper. For this purpose, the radar receiver will be denned as that 
assemblage of components within the radar system which is required to 
detect, amplify, and present the desired information as gathered at the radar 
location. The input signals to the radar receiver consist of radio-frequency 
pulses containing information regarding the area under observation by the 
radar system, together with coordinate data denning further characteristics 
of this observed area. The output of the radar receiver is most commonly 
an optical presentation of this composite information, but in certain appli- 
cations the output is further converted into electrical or mechanical signals 
for specific use. In general, the output of a radar receiver is presented in a 
form capable of immediate analysis and use. 

Though the functional boundaries of the radar receiver are by the above 
definition quite distinct, the exact detailed composition of the receiver and 
the specific component designs are influenced by a considerable number of 
factors. The successful performance of a radar receiver is dependent to a 
large degree on the nicety with which these individual components are 
assembled into the system as a whole. 

A study of the principal factors which influence the design of the radar 
receiver is presented in the following sections, followed by a more detailed 
exposition of the principal design aspects of the various components associ- 
ated within the receiver. Illustrative equipment descriptions are included 
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where military security permits. All of the specific equipment examples 
presented here have been chosen from radar systems that have been de- 
veloped within the Bell Telephone Laboratories and manufactured for the 
services by the Western Electric Company. This latter limitation excludes 
many interesting experimental developments which have not been produced 
in quantity and which have not, therefore, been substantially employed by 
the services during the war period. 

It should be observed that the rapid development and successful employ- 
ment of radar systems during World War II have come about through the 
cooperation and coordination of various governmental and military agencies, 
many research and development organizations, and countless individual 
workers. It is, therefore, an impossible task to assign individual credit for 
the details of the development which is here described. Radar has reached 
its present state of development through the efforts of many, not only those 
employed specifically on radar projects during the war years, but also those 
technical workers in the communications and allied fields in the years prior 
to the war who so adequately supplied the firm basic foundation upon which 
to build. 

1. Radar Receiver Design Considerations 
1.1 The Military Radar System 

The specific use and area of operation of the radar system are two basic 
factors which exercise a profound influence on the receiver design. It is, 
therefore, pertinent to consider some common classifications of radar sys- 
tems as employed during the war years. 

A convenient functional classification of military radar systems may be 
made as follows: 

A. Search or Navigation 

This classification may include warning of the presence of enemy surface 
vessels or aircraft, navigation by location of landmarks, and reconnaissance. 

B. Missile Control 

This function includes radar systems to control gunfire and release bombs 
or missiles. 

C. Aircraft Interception 

This classification may be considered as an airborne combination of search 
and missile control, but is separated here because of the special radar design 
problems encountered. 

As the detailed electrical performance requirements are primarily in- 
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fluenced by the above functional classification of radar systems, the me- 
chanical equipment design or arrangement is likewise considerably in- 
fluenced by the area of use of the radar system. As an illustration of this 
factor, radar systems may be alternatively classified according to the area 
of operation as follows: 

A. Ground Equipment 

The equipment design of a ground radar system must include provisions 
for portability, protection against damage in movement over rough terrain, 
and for operation under extreme weather conditions. 

B. Naval Surface Vessel Equipment 

Radar equipment employed on surface vessels is subject to extreme at- 
mospheric corrosive conditions, severe shock from gunfire and, in some 
cases, partial immersion in sea water. Large naval vessel installations 
often involve extreme distances between the location of the various com- 
ponents of the radar system. 

C. Airborne Equipment 

Mechanical equipment features for aircraft use must include provision 
for operation over rapidly fluctuating conditions of temperature and atmos- 
pheric pressure. Vibration conditions coupled with strict weight require- 
ments result in many additional problems from the equipment designer's 
standpoint. 

Figures 1, 2, and 3 indicate typical radar equipments employed on the 
ground, sea, and air, some component designs of which will be reviewed in 
later sections of this paper. 

1.2 The Function of the Radar Receiver 

The basic function of a radar receiver is to translate and present the in- 
formation received at the radar location in a desirable form. This requires 
that the receiver contain provisions to enable: 

A. Conversion of the received signals, originally of a microwave fre- 
quency character, to signals in a frequency region more convenient to 
utilize. 

B. Amplification of the extremely low energy signals as received to 
amplitudes useful to the observer. 

C. Correlation of all other available pertinent data with the received 
microwave signals to allow determination of the complete coor- 
dinates and other desired characteristics of the target under observa- 
tion. 
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Fig. 1. — Radar Equipment — Mark 20. This mobile equipment operating at 1000 mc 
is employed for searchlight control purposes. 
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D. Presentation of all desired information to the observer in a form cap- 
able of immediate analysis and use. 

With these functional requirements in mind, it is in order to examine the 
character of the information available at the input and that required at the 
output terminals of a radar receiver. 

1.21 Characteristics of the Radar Receiver Input Signal 

In general, the signal radiated by the radar transmitting antenna and 
received by the receiving antenna consists of intermittent pulses of energy 
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Fig. 2.— SJ Submarine Radar. Operating position of radar equipment in conning 
tower of U. S. Navy submarine. 

at microwave frequencies. The methods employed in the generation and 
propagation of these radar microwave signals have been described else- 
where. 1 ' 2 For our purpose, it suffices to state that microwave frequencies 
extending from 700 mc to 10,000 mc are commonly employed. Pulse widths 
of 0.5 microsecond to 5 microseconds at repetition rates extending from 100 
pps to 2000 pps are encountered in modern military radar systems, the 

^'The Magnetron as a Generator of Centimeter Waves," J. B. Fisk, H. D. Hagstrum 
and P. L. Hartman, Bell System Technical Journal, Vol. XXV, April 1946. 

2 "Radar Antennas," H. T. Friis and W. D. Lewis, Bell System Technical Journal, 
Vol. XXVI, April 1947. 
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Fig. 3. — Components of Lightweight AN/APS-4. Airborne search and interception 
radar equipment. 
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exact choice of these parameters being dictated by the specific application 
of each type of equipment. 

It has been customary to employ a common antenna system for both the 
transmitting and receiving functions, the necessary protection of the sensi- 
tive receiver input circuits from the high power transmitted pulse being 
furnished by a TR switch or tube. 3 The gas discharge TR switch assembly 
attenuates the energy fed to the input terminals of the receiver for the 
duration of the microwave outgoing pulse. At the time of decay of this 
transmitting pulse, the TR switch is arranged to offer low attenuation be- 
tween the antenna and the receiver to any received signal. 

The received microwave signal will be found to fluctuate in amplitude 
between extremely wide limits. This amplitude characteristic of a re- 
ceived radar signal is affected by the size and composition of the target, 
the power of the radiated outgoing pulse, the distance or range to the target, 
and miscellaneous propagation effects. Military requirements necessitate 
designing the radar receiver to perform successfully with the minimum re- 
ceived signal, while not unduly compromising this performance when sig- 
nals of relatively high energy content are encountered. 

Other characteristics of the transmitted microwave signal, such as pulse 
shape and repetition rate, are chosen to enable maximum performance to 
be attained for the specific application to be covered. The proper treat- 
ment of these miscellaneous characteristics of the radar signal is of basic 
concern to the receiver designer. 

The primary basic information which can be derived from the charac- 
teristics of the received radar signal itself consists of data concerning the 
range to the target under observation. This range data is made available 
by a measurement of the elapsed time between the departure of the out- 
going pulse and its return after reflection from the target and consideration 
of the velocity of electromagnetic wave propagation. 

To determine the complete coordinates of a radar target, correlation of 
the range information, as determined above, and the direction of radiation 
from the antenna is necessary. Signals containing information as to the 
instantaneous attitude of the antenna with respect to chosen reference axes 
are, therefore, to be considered as essential inputs to the radar receiver. 

Though the natural coordinate system of radar is of a polar form, many 
specific applications of radar systems require conversion of this information 
into other forms more convenient of use. For example, while in gun-point- 
ing radar applications, it is desirable to present the final information in a 
polar coordinate form, corresponding to the aiming axes of the guns in many 
airborne radar bombing systems, it is necessary that the presentation be 

••'•'The Gas-Discharge Transmit- Receive Switch," A. L. Samuel, J. YV. Clark and W. 
\Y. Mumford, Bell System Technical Journal, Vol. XXV, January 1946. 
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made in terms of rectangular or other convenient coordinate systems re- 
ferred to the ground itself. In certain applications, the characteristics of 
the display or presentation device requires that coordinate conversion func- 
tions be included within the radar receiver. The conversion and proper 
presentation of all radar system coordinate information will, therefore, be 
considered a necessary function of the radar receiver. 

Additional forms of radar receiver input signals encountered are those 
primarily associated with the specific application of the radar system. 
Reference coordinate axes data obtained from compasses or gyroscopes are 
among the most common of these. In gun-fire control and bombing appli- 
cations a considerable quantity of computed data must be accepted by the 
receiver. These data may include predicted quantities which must be 
presented in addition to the usual received present-time radar information. 
In the case of airborne radar systems, provision must be included to properly 
display navigational beacon and identification signals. The beacon is 
operated by the radar transmitter in the aircraft and returns a coded signal 
at a frequency slightly removed from the normal radar band. All aircraft 
radar receivers are required to adequately detect and properly display this 
information. It has also become common practice to require provision 
within the radar receiver for display of interrogator-response signals as 
employed for military identification purposes. The identification equip- 
ment (IFF) proper is not a radar system component and, therefore, it will 
not be considered here. 

1.22 Character of the Output of a Radar Receiver 

The output of a radar receiver is required to be available to the observer 
i i a form which will permit immediate analysis and use of a maximum 
of the received information. The consideration of some additional charac- 
teristics of the radar information available and the military applications 
will furnish a basis for choice of presentation means in the receiver. 

Because of the inherent pace of the constantly changing tactical mili- 
tary scene, the basic requirements imposed upon the radar presentation 
device are severe. For example, the use of radar in an aircraft, or on the 
ground or sea directed against aircraft involves a process of obtaining in- 
formation on targets having relative velocities upward of 500 feet per 
second. If the radar system under consideration is being employed to fur- 
nish data for the release of bombs or to direct gunfire, a fraction of a second 
represents dimensions comparable to the target size. Such considerations 
adequately emphasize the extreme importance of retaining the "immediacy" 
characteristic of the information through the presentation device. 

Another factor influencing the design of the presentation components in a 
radar receiver is found in consideration of the extreme complexity of the 
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received radar information. This complexity is created out of the compara- 
tively limited resolution available and from the military need for presenta- 
tion of detailed information concerning large areas during small time 
intervals. 

The effect of limited resolution on the choice of presentation means of a 
radar receiver can be appreciated by considering the following. The micro- 
wave pulse employed in modern radar systems has a duration in time cor- 
responding in linear range dimensions of hundreds of feet, while the beam 
width of commonly employed radar antenna systems likewise includes 
hundreds of feet of target at useful ranges. Thus, the inherent radio- 
frequency "resolution" is limiting to an extent that, while it usually enables 
one to determine the coordinates of the centroid of the target, it will not 
furnish adequate information as regards the exact size or shape characteris- 
tics of the target. The radar response of an area of military interest is a 
function of electrical conductivity and other related characteristics, rather 
than of the military importance of the target. These factors indicate 
strongly that the human observer must be required to supply a certain 
function of interpretation, and that the chosen radar presentation means 
should be such that this is possible. An effective illustration of this situa- 
tion is found in the descriptive term "navigation by constellation" which 
was common among the radar operators in the long-range bombing forces. 
Here the navigation to and the orientation with respect to the military 
objective was often possible only through the interpretation of strong 
radar responses from known landmarks. Offset bombing, where the 
bombing radar operator carried out his observations on a satisfactory 
radar target in the vicinity of the final objective and introduced the known 
offset coordinates in the computed release point so as to strike the military 
objective, was found to be a successful method of partially overcoming this 
basic limitation of World War II radar equipments. 

Modern warfare is concerned with rapid movement and extremely large 
area operations. The display of continuous information regarding these 
large areas is a basic military requirement of the modern radar system. 
For specific military applications the radar viewpoint may often be re- 
stricted to selected limited areas with increased demands on detail and on 
reproduction of changing information during small time intervals. 

The above considerations have led to a choice of presentation means for 
the military radar system which is of an optical nature and has the essential 
characteristics of motion pictures. Such a display of complex information, 
in general, allows the observer to concentrate his attention at any time on 
any desired region of interest, to orient himself with respect to the broad 
features of the complete area, and to be cognizant of changes in the scene as 
they occur. 
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The cathode-ray tube has been most universally employed as the display 
device in the modern radar system. The incoming electrical information 
from the various receiver inputs is here electronically converted into a 
visual form capable of being modified over small intervals of time as the 
change in the radar scene occurs. Multiple presentations having various 
map-scale factors are found in many modern radar systems to enable de- 
tailed examination of a small magnified target area, while retaining the 
ability to observe the broad area features at will. 

The use of radar for the purpose of control of gunfire, release of bombs, or 
steering of a vessel or aircraft requires that essentially continuous coordinate 
information be transmitted from the radar observer to the device under his 
control. This is usually accomplished through the registration of mechan- 
ical or projected electronic markers upon the visual radar display, this 
process of successive alignment furnishing the required information to the 
controlled device. In the case where automatic means of maintaining 
coincidence between marker and target are employed it should be observed 
that the original selection of the target and the initial coincidence adjust- 
ment still remains a matter for interpretation on the part of the human oper- 
ator, and here again the visual radar display form is desirable. 

The presentation means of a radar receiver has, therefore, been chosen 
to allow complete display of the data as quickly as it is received and in a 
form most convenient to the understanding of the human operator. In 
a broad sense, the radar system output terminal conditions and require- 
ments are similar to those encountered for any communication system 
i.e. to supply the human observer with all the information available to the 
system in a form which will permit maximum usefulness with a minimum of 
delay. 

1.3 Composition of the Radar Receiver 

For convenience in the discussion to follow, the generalized radar receiver 
will be partitioned as shown in Figure 4. This particular choice of com- 
ponent division is somewhat arbitrary, but is chosen because of its func- 
tional simplicity. Mechanical, and in some cases electrical, conditions 
encountered in any particular radar system design often indicate physical 
arrangements which will differ considerably from the arrangement illus- 
trated. 

The converter component of the radar receiver has, as its primary func- 
tion, the conversion of the received microwave signal to an intermediate 
frequency region where further amplification and discrimination is possible. 
The converter consists of a beating oscillator operating in the microwave 
frequency region and a nonlinear element, which at the higher radar fre- 
quencies consists of a point-contact crystal element. At the lower radar 
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frequencies it is customary to employ vacuum tube radio-frequency ampli- 
fiers preceding the converter element, and in these cases, similar vacuum 
tubes are employed as the nonlinear element. The output frequency of the 
converter commonly ranges from 30 mc to 100 mc. Because of the com- 
parative difficulties experienced in the transmission of microwave energy 
over transmission lines or waveguides as contrasted with the problem at the 
lower intermediate frequency region, it is standard practice to locate the 
converter in close proximity to the antenna and transmitter portions of the 
radar system. 

The intermediate frequency (IF) amplifier and associated second detector 
unit following the converter in Fig. 4 is required to obtain the necessary 
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Fig. 4.— Schematic diagram of principal components of a military radar receiver. 



amplification to the wanted signal, to supply discrimination against un- 
wanted signals, and to finally convert the desired signal to a video form for 
presentation purposes. The usual gain required of a modern radar inter- 
mediate amplifier is of the order of 100 db. The band width of the IF 
amplifier is usually chosen between 1 mc and 10 mc depending on the specific 
radar system requirements. The techniques of construction developed for 
high gain radar IF amplifiers have resulted in compact component designs 
which are complete units in themselves, capable of being integrated into 
various radar systems. 

The video amplifier characteristics are dependent to a large degree on 
the particular type of display system associated with it. Its primary func- 
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tion is to amplify the video signal output of the second detector, together 
with some other signals to be impressed on the cathode-ray tube. In this 
held the principles of design follow closely those developed for television 
prior to the war. Band widths of the order of 1 mc to 5 mc are commonly 
employed and output voltages ranging from 10 volts to 250 volts are re- 
quired by the cathode-ray tube. Controllable nonlinear amplitude-gain 
characteristics are occasionally included in these video circuits to enhance 
the contrast or improve the apparent signal-to-noise performance. 

The display device universally employed in modern military radar systems 
is the cathode-ray tube. The electro-optical response characteristics of this 
device may be chosen over quite wide limits to suit the specific needs of a 
particular system. In slow scanning systems, use of long time-decay optical 
characteristics of the sensitive screen is found to be advantageous, while in 
other cases of high-speed scanning, shorter persistence-type screens are 
employed. Screen diameters commonly employed range from 2" to 12" 
with a wide variety of color characteristics available to fit the detailed re- 
quirement of the radar system. A variety of radar presentation forms are 
employed to display most conveniently the received information for the 
specific application at hand. These display types differ primarily in the 
manner in which the radar field coordinates are presented. The deflection 
methods employed may be of an electrostatic or magnetic nature with com- 
binations of each occasionally encountered. 

The sweep circuit components of the radar receiver generate the electrical 
time wave forms necessary to display the received data properly. Here 
again the television art has supplied a technical background for these 
specialized electronic circuits. The great number of display types em- 
ployed, requiring varied wave forms, has resulted in the development of a 
myriad of specialized sweep circuits whose apparent complexity is the result 
of varied combinations of elemental electronic circuits. 

The range and time-marker circuits are required to interpret the coor- 
dinate data available to the receiver and to prepare this data for display 
in the desired form. Here again, television techniques have been employed 
and enlarged upon as the radar systems became more complex. A large 
number of specialized electronic circuit forms has resulted. 

The automatic frequency control (AFC) and automatic gain control 
(AGC) components of a radar receiver have a function not unlike those ele- 
ments found in most radio-communication systems. The automatic ad- 
justments of the tuning and gain of the radar receiver has contributed greatly 
to the successful employment of radar under practical military conditions 
and have now become practically indispensable in the art. The circuit 
designs follow, in general, the techniques previously employed in radio 
communications though it will be observed that the character of the signal 
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and the close association of the receiver and the transmitter in the radar 
system introduces some additional new considerations. * 

The power supply components are shown divided into two types "low 
voltage" and "high voltage." This is a convenience which is desirable 
because of the different design problems encountered and the quite different 
equipment and circuits employed. The low d-c voltages required for the 
operation of the electronic components of a radar system vary from 100 
volts to 500 volts with both polarities with respect to ground often required. 
The cathode-ray tube and "keep alive" circuits of the TR tube require 
voltages from 1000 to 7000 volts usually at low current. The voltage 
regulation of these power supply components to permit stable radar system 
operation under the extreme and variable military operating conditions en- 
countered presents a problem of considerable magnitude to the radar re- 
ceiver designer. 

2. Radar Receiver Component Design 
2.1 The Radar Receiver Input Circuit 

The conversion of the received microwave radar signal to a lower fre- 
quency region where more efficient amplification is possible represents an 
extremely important function of the radar receiver. The basic military 
requirement of radar, that of providing the greatest possible useful sensi- 
tivity, depends fundamentally on the efficient handling of the low-energy 
microwave received signal in the input of the radar receiver. The micro- 
wave character of the received signal and the extremely low amplitudes en- 
countered contribute to the difficulties of radar input circuit design. 

The techniques of microwave transmission available to the communica- 
tions engineer have but recently been developed and are at this time still 
extremely limited in comparison to those methods commonly employed at 
the normal radio frequencies. Even short physical connections required 
between elements in the microwave region become "electrically long," a 
matter of several wavelengths in the usual case, and here the design prob- 
lem becomes acute. Network element of inductance, capcitance, and re- 
sistance are not available in the form so efficiently employed at the lower 
frequencies. Waveguides and cavities at radar frequencies replace them, 
and the design of selective frequency networks in the microwave region 
becomes a matter of precise arrangement and control of complex mechanical 
forms. 

Suitable means for vacuum tube amplification at frequencies above 1000 
mc have not been available to date; this represents another extremely re- 
stricting situation for the radar receiver designer. 
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2.11 Input Signal Characteristics 

The low amplitude of the signal at the input terminals of the radar 
receiver requires that this signal be efficiently utilized. The power of the 
received signal at this point under somewhat idealized free space assump- 
tions is given by the following: 



Pr = 



G 2 PA] 
16^-1^ 



Where G = Power gain of common transmitting and receiving antenna 
P = Transmitted power of radar system 

Ae = Equivalent flat plate area of target (This represents an equiva- 
lent flat plate normal to the incident beam which reradiates 
all impinging energy) 
D = Range to the target. 
The two following sample computations are illustrative of the military 
radar system conditions: 

1 . Naval Vessel Search Radar System 
Frequency = 3000 mc 

Target range = 25 nautical miles 

Target-Destroyer (Effective flat plate area = 0.03 sq meter at 3000 mc) 

(This value has been determined from a study of target response with 

military radar systems) 
Power gain of Antenna = 30 db 
Transmitter Peak Power = 100 kw 
Received Peak Power = 13 X 10 -14 watts 

2. Airborne Search Radar System 
Frequency = 10,000 mc 
Target Range = 70 nautical miles 

Target-Destroyer (Effective flat plate area = 0.2 sq meters 

at 10,000 mc) 
Power Gain of Antenna = 30 db 
Transmitter Peak Power = 100 kw 
Received Peak Power = 1 1 X 10 -14 watts 
A reduction of the available received signal power, as computed above, 
is to be expected in practice due to multiple path effects and absorption and 
refraction effects over the propagation path. 

2.12 Input Circuit Noise Considerations 

While it is possible to conceive of providing sufficient gain within a radar 
receiver to meet any desired sensitivity requirement, this sensitivity cannot 
usefully be employed beyond certain limits as determined by the amplitude 
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of the noise disturbances at the input terminals of the receiver. Noise 
disturbances may be defined as the resultant unwanted interfering electrical 
energy at the point under consideration and includes contributions due to 
atmospheric disturbances, unwanted radiation from adjacent electrical 
equipment, microphonic disturbances, and noise due to vacuum tubes and 
thermal agitation. At microwave frequencies we are usually concerned 
only with the thermal agitation and tube noise contribution. Atmospheric 
disturbances at radar frequencies are negligible and microphonic and elec- 
trical interferences from adjacent electrical equipment can, by proper and 
sufficient engineering, be reduced to any desired level. 

It has been shown 5 • 6 that the thermal noise (Johnson noise) voltage which 
appears at the input terminals of a radio or radar receiver is determined by 
the value of the resistance component of the generator impedance at this 
point. For maximum transfer of signal power the load termination is re- 
quired to be equal to the internal impedance of the generator and for this 
condition the total thermal noise power delivered to the load is given by 

P N = KTB (watts) 
where : 

K = Boltzman's constant = 1.38 X 10 -23 Joule/degree abs. 
T = Absolute temperature in degrees 

B = Bandwidth under consideration in cycles per second; and the signal- 
to-noise ratio is given by 

F K = xTB (a numeric) 

where P s = maximum available signal power. 

If the signal generator referred to is followed by any 4-terminal network 
representative of a converter element, an amplifier, or a passive network, 
the effective signal-to-noise ratio at the output terminals of the network will 
be modified. To obtain a measure of this effect we may assign a figure of 
merit, F, to the network called the "noise figure" of the network and define 
this as the ratio of the available signal-to-noise ratio at the signal generator 
terminals to the available signal-to-noise ratio at the output terminal of 
the network. 
This may be written as: 

„ "tf 1 Si Pn-> / • \ 

F= F K K = KTBG (a nume " c) 

' 4 "The Absolute Sensitivity of Radio Receivers," D. O. North, R. C. A. Review, Vol. 
VI, January 1942. 

6 "Noise Figures of Radio Receivers," H. T. Friis, Proc. I. R. E., Vol. 32, No. 7, Julv 
1944. 
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where: 

Ps., . . „ 

G = — " , by definition the gain" of the network. 
l 8 

or we may write: 

Py 2 = FKTBG watts. 
It is common practice to express /-' in decibels given by the relation 10 \og w F. 
For the case of two generalized networks in tandem following the signal 
generator and having the same effective bandwidth we may similarly write: 

Pn oul = F a G a G b KTB + (F b - l)G b KTB 



(f„ + t±__A\ GaGb KTB watts 



where the subscripts refer to networks a and b. 

The effective noise figure of such a system is given by: 

n _ / / . j_ Fb — 1 

"system — I ' a ~T~ — -p; 

This expression indicates the importance of the gain of the first network in 
the over-all system noise performance. 

As an illustration, a noise figure of 11 db and a loss of 6 db may be con- 
sidered as acceptable performance for a typical silicon crystal converter 
operating at 3300 mc. If the following input circuit of the IF amplifier 
has an effective noise performance represented by a noise figure of 5db , the 
over-all system noise figure will be found to be 13 db. The reduction in sys- 
tem performance clue to the noise contribution of the input stage of the 
IF amplifier here is approximately 2 db. If the system performance must 
be improved by increasing the power of radiation, the importance of this 
secondary noise contribution is apparent. 

A comparison of the noise figures of a point-contact crystal converter 
element and the (1L-2C40 Lighthouse vacuum tube used as an amplifier 
and as a converter element is given in Fig.. 5. At frequencies below 1000 mc 
there is a definite advantage in employing a vacuum tube as a radio- 
frequency (RF) amplifier preceding the nonlinear element. 

2.13 1000 MC Radio-Frequency Amplifier Design 

In the design of military radar systems for the 1000 mc operating range 
the GL-2C40 vacuum tube has been employed rather universally in con- 
verter circuits." The essential design features of this special purpose triode 

8 "The Lighthouse Tube," E. D. McArthur and E. F. Peterson, Proc. of National 
Electronics Conference, Vol. I, 1944. 
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are illustrated in Fig. 6. The basic advantage of the GL-2C40 tube for use 
at high frequencies is found in its construction, whereby the tube elements 
are arranged to form an integral portion of the external circuit with a mini- 
mum of mechanical disturbance. At these frequencies external coupling 
circuits of the transmission line type are usually employed. This tube 
when operated at an anode potential of 250 volts has a mutual conductance 
of approximately 6000 micromhos and an amplification factor of 35. It has 
been customary to employ one or two stages of RF amplification associated 
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Fig. 5.— Comparison of noise figures for point-contact silicon crystal rectifier and 
GL2C40 vacuum tube. 

with the nonlinear element and a beating oscillator using this same tube. 
The reduced performance of the GL-2C40 tube as a converter element as 
indicated in Fig. 5 is not of importance, if sufficient gain is provided prior to 
the actual conversion process, and the ability of this vacuum tube to operate 
at higher levels is a positive advantage. 

The electrical circuit design techniques employed in this frequency region 
are based on the use of transmission line elements in place of the more or 
less orthodox lumped element configurations at the lower frequencies. The 
difficulties experienced in practical designs of radar converters of this type 
revolve about successfully terminating and satisfactorily isolating each stage 
so that confusing and inefficient interaction effects are minimized. 
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The simplified schematic of a typical radio-frequency amplifier which 
employs a GL-2C40 vacuum tube operating at approximately 1000 mc is 
given in Fig. 7, together with an outline of the mechanical arrangement of 
the tuning elements. This amplifier is of the tuned-grid, tuned-plate type 



ANODE CONNECTION 



GRID 
CONNECTION 




ACTUAL SIZE 



ENLARGED SECTION 



Fig. 6.— Constructional Features of the GL-2C40 (Lighthouse) vacuum tube. 

of circuit where the input and output circuits consist of coaxial transmission 
line elements tuned by sliding plunger or ring elements, and is so constructed 
to include the GL-2C40 tube as an integral part of the tuning structure. 
The input coupling to the amplifier is achieved by means of a probe extend- 
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ing into the input or grid cavity and is proportioned for operating out of a 
50-ohm impedance cable connection to the radar antenna system. The 
output coupling is obtained from a coupling loop located in the region be- 
tween the grid and plate concentric sleeves. The gain of this RF amplifier 
design is 12 db when operating at a frequency of approximately 1000 mc 
and the noise figure of this component is 14 db. 

2.14 The Radar Converter 

The basic converter is illustrated in Fig. 8 and may be defined as a device 
which has two input pairs and one output pair of terminals and is charac- 



INPUT 




^.^■.wy ^ ■.■.<.■.■.■.■. '.■A'. ■>■.■.■, ■.■AN 



Fig. 7.— 1000-mc Radio Frequency Amplifier. Simplified schematic diagram. 

i. 

terized further by the property of delivering an output signal, which, in 
terms of amplitude of one of the input signals, is essentially linear but 
which has an output frequency related to the sum or difference of the two 
input frequencies. This frequency conversion is obtained by the use of an 
element which has a nonlinear voltage-current relationship and upon which 
is impressed the two input signals. The desired sum or difference frequency 
signal is then selected and utilized as the wanted signal output. 

The basic configuration of the converter shown in Fig. 8 employs a non- 
linear element with network coupling means to provide efficient transfer of 
signal power into and out of the component and a beating oscillator with its 
associated coupling network to supply the required additional input fre- 
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quency. One or more of the networks involved may, of course, be arranged 
alternatively in a parallel configuration if desired. The nonlinear element 
may be a vacuum tube with properly chosen operating conditions or a point- 
contact silicon crystal rectifier. The beating oscillator in the modern 
military radar converter employs special types of vacuum tubes such as the 
(JL-2C40 type previously mentioned or the single-cavity velocity modulated 
types 7 at the higher radar frequencies. 

A typical voltage-current characteristic of a point-contact silicon rectifier 
is shown in Fig. 9. This nonlinear characteristic may be expressed mathe- 
matically as a power series with coefficients whose amplitude decreases 
quite rapidly with the order of the associated term. If two sinusoidal 
voltages represented by frequency f\ and f- 2 are simultaneously impressed 
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Fig. 8. — Basic configuration of a radar converter. 



upon such a nonlinear element, the resultant current flowing in the output 
impedance will produce output signals of the form nf\ ± mfi where n and m 
are integers including zero. The effective amplitude of each of these modu- 
lation products is related to the magnitude of the power series coefficients. 
In the radar converter under consideration /i may represent the received 
signal frequency and / 2 represents the beat oscillator frequency. The 
difference terms of the above expression are of the greatest importance here 
because the desired output signal frequency has been chosen at a low value 
as compared with the input received radar signal. The selection of the 
wanted first-order difference term is accomplished by the frequency selec- 
tivity characteristics of the converter output coupling network and the 
following IF amplifier. 

A major design problem encountered in the practical development of 
microwave radar converters is one concerning the design of the coupling 
networks. The previously referred to limitations of microwave network 

'"Reflex Oscillators," J. R. Pierce and W. G. Shepherd, Bell System Technical Journal, 
Vol. XXVI, July 1947. 
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techniques and the difficulty in maintaining precise control of each element 
over the required band of frequencies are the fundamental problems of the 
radar converter designer. The network problem here is concerned with 
realizing the desired frequency conversion with a minimum of dissipation of 
the useful signal. This implies that coupling of the nonlinear element to 
the input and output terminals must be achieved in such a fashion that 
matched impedance conditions result for the signals in their respective fre- 
quency regions. Since the output signal has been shown to appear as a 
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Fig. 9. — Typical voltage-current characteristic of a point-contact silicon crystal 
rectifier. 



number of energy concentrations extending over a wide frequency range, it 
would appear that an efficient design of output coupling network would 
involve optimizing the impedance relationships over this wide-frequency 
band. Several factors tend to simplify this problem by restricting the out- 
put frequency band which must be considered in a practical radar converter 
design. First, the greatest amount of energy is found to be present in the 
lower order modulation products because of the rapid reduction in amplitude 
of the higher order terms in the equivalent expression for the nonlinear 
element. This results in a concentration of energy at the input, output, 
and beat oscillator frequencies and their respective second harmonic regions. 
Second, the ratio of /i to/ 2 in a microwave radar converter is of necessity 
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essentially equal to one, this factor also contributing to a narrowing of the 
frequency regions of interest to those around the input, the beat oscillator, 
and the output values. The third factor, which is of assistance to the con- 
verter designer, is the effective separation of the input and output circuits 
by the loss of the nonlinear element. Where a vacuum tube is employed as 
the nonlinear element, the interaction of these circuits may be made quite 
negligible and, in the case of the crystal rectifier the inherent loss of this 
element, which may be of the order of 6 db and undesirable from a radar sys- 
tem performance standpoint, does simplify the converter network design. 

It has been found in practice that it is sufficient to consider the impedance 
conditions at the internal terminals of the converter networks in the fre- 
quency regions which include /i,/i — h,fi +/2 and 2/ 2 — f\. 



SIGNAL 



I-F 
OUTPUT 




Fig. 10. — 1000-mc Vacuum Tube Radar Converter. Simplified schematic diagram. 



The matter of efficient transfer of power from the local beating oscillator 
to the nonlinear element is of secondary importance generally because of the 
relatively large amount of power available. This condition is advantageous 
allowing mismatch loss in this branch to effectively minimize the unwanted 
interaction effects with input and output circuits. 

Figure 10 illustrates the schematic and certain constructional features of 
a vacuum-tube converter which has an operating frequency of approxi- 
mately 1000 mc. The similarity of circuit and mechanical arrangement to 
that of the radio-frequency amplifier unit, shown in Fig. 7, is apparent. 
In the case of the GL-2C40 converter the two input frequencies are similarly 
probe coupled to the grid-cathode circuit, maintaining optimum impedance 
conditions for the signal input and locating the beat oscillator probe so as 
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to effect an impedance mismatch and thus reduce the interaction between 
this circuit and the input circuit. The output coupling network, in this 
case operating at 60 mc, consists, of an inductive impedance tuned with a 
variable condenser. The output of this converter is fed into the following 
IF amplifier by means of a 75-ohm coaxial transmission line. The loss of 
this converter unit, defined as the ratio of the power of the wanted 60-mc 
output signal to the signal power impressed upon the input terminal, is 
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Fig. 11. — Chronological development of point-contact silicon crystal rectifiers and 
associated receiver noise performance. 



approximately 6 db. The noise figure of a typical unit of this type is approxi- 
mately 20 db, this value being of secondary importance since sufficient gain 
is provided in -the associated radio-frequency amplifier. 

At the higher radar frequencies the noise performance characteristics of 
silicon crystal-point contact rectifiers are considerably better than that of 
vacuum tubes available during the past war years. Figure 11 outlines the 
chronological developments of these units with respect to the receiver noise 
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performance. The performance of two types of vacuum tubes are included 
for comparison purposes. The development details of the silicon crystal 
unit have been discussed elsewhere." This development, together with the 
corresponding magnetron and reflex oscillator studies, assumes a status of 
major importance in the progress of the development of military radar equip- 
ment during World War II, allowing the designers to extend the frequency 
of operation upward with increased system performance resulting. 

It is sufficient to limit our attention to the frequency region 3000 mc and 
above in the consideration of the silicon crystal converter. It is apparent 
that the absence of suitable vacuum tube radio-frequency amplifiers in this 
region imposes a strict requirement on the efficiency of conversion of this 
component. 



)«$. 




Fig. 12. — 3000-mc Crystal Converter of an early design. 

Historically, one of the liist of the microwave converters of the silicon 
crystal type, operating at 3000 mc and which was employed in military radar 
equipment, is shown in Fig. 12 together with an illustration of the mechanical 
arrangement 11 in Fig. 13. In this early model the silicon crystal element was 
mounted in a cartridge type unit, a method which proved quite satisfactory 
and was followed for the remainder of the war years. The input tuning 
circuit of the converter here illustrated consists of a coaxial transmission 
line element having a length of approximately three-quarters of a wave- 
length and adjustable to enable fine control of tuning. The nonlinear ele- 

8 "Development of Silicon Crvstal Rectifiers for Microwave Radar Receivers," 
J. H. Scat! and R. S. Ohl. Bell .System Technical Journal, Vol. XXVI, January 1947. 

'••"Microwave Converters," C. F. Edwards, To he published in a forthcoming issue of 
Troceedinas I.R.E. 
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ment is located at the high-impedance end of this transmission line, while 
the other end is essentially short-circuited at the input frequency by means 
of a small by-pass condenser element built into the IF output transmission 
line. The input line is coupled into this tuned circuit by means of a variable 
coupling probe and the local beat oscillator in turn is similarly coupled to 
the input line. The point of coupling of the beat frequency oscillator input 
is so arranged as to introduce an effective mismatch and thus provide ade- 
quate isolation of this and the input circuit. The output circuit of this con- 
verter includes the by-pass condenser previously referred to, together with 
the input transformer of the first IF amplifier stage. The average loss of a 
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Fig. 13. — 3000-mc Crystal Converter. Schematic diagram. 

3000-mc crystal converter of this type was 6 db and a noise figure of 11 db 
was realized. 

Another design of crystal converter which was developed during the early 
part of the war, and whose basic form was employed in many military radar 
equipments operating in the region of 10,000 mc, is shown in Fig. 14. Here 
the silicon crystal cartridge is positioned within the waveguide with its axis 
parallel to the E vector plane and at a point approximately one-quarter of a 
wavelength from the short circuiting piston which terminates this assembly. 
The IF output is obtained from the coaxial line mounting structure shown 
which offers a low impedance to the input frequency by virtue of its equiva- 
lence to a one-half wavelength element with a short circuit at the far end. 



THE RADAR RECEIVER 



719 



The dielectric supporting rings shown form an RF by-pass element minimiz- 
ing the loss of input signal power in the IF output network. In this design 
the beating oscillator energy is introduced into the waveguide by mounting 
the reflex oscillator tubes adjacent to the waveguide in such a fashion that 
the output probe is inserted into the waveguide cavity at a point removed by 
an odd one-quarter of a wavelength from the face of the TR output iris. 
This assures reflection of the local oscillator energy which travels toward 
the TR tube directing it toward the crystal element. The degree of coupling 
of the reflex oscillator circuit is varied by adjustment of the distance that 
the probe is inserted within the waveguide. For airborne applications an 
additional oscillator tube is included for beacon reception. This basic form 
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Fig. 14.— 10,000-mc Crystal Converter. Schematic diagram. 



of radar converter was employed in large numbers in the military airborne 
radar field during World War II. 

A third type of crystal converter design which was developed in the latter 
period of the war is illustrated in Fig. 15. A basic difference in this struc- 
ture is found in the use of a waveguide hybrid junction often referred to as a 
"magic tee." This junction has an electrical performance characteristic 
at microwaves similar to that of the hybrid coil common to low frequency 
communication circuits, i.e., a 4-pair terminal network with an internal 
configuration such that power applied to any one pair of terminals will appear 
equally at two other pairs of terminals, but will not be available at the re- 
maining pair of terminals. Referring to Fig. 15, it should be noted that 
power applied to the input waveguide will appear equally in the output 
branches but is balanced out of the beat oscillator branch. In a similar 
fashion, the beat oscillator power will appear equally in the two output 
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branches but will not appear in the input waveguide. Certain impedance 
matching adjustments are obtained through the use of the matching rods 
positioned as shown. 

The method of insertion of the crystal cartridge into the waveguide in this 



TRANSFORMER 

TUNING 

CAPACITOR 



I-F OUTPUT 



BALANCE TO 

UNBALANCE 

I-F TRANSFORMER 



T7T7 



zzz^ 




BEATING - OSCI LL ATOR 

INPUT 




' ,— - BEATING-OSCILLATOR 

MATCHING ROD 



SIGNAL INPUT 



BEATING - OSCILLATOR 

INPUT 



Fig. 15. — Balanced crystal converter employing wave-guide hybrid junction. 

design follows the scheme employed in the converter just described. How- 
ever, here two crystal elements are employed in a balanced form which 
necessitates a balanced-to-unbalanced impedance transformation of the IF 
output signal for transmission over a coaxial line to the input stage of the 
IF amplifier. The degree of balance obtainable here is necessarily a func- 
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tion of the similarity of the crystal elements as well as the other elements 
shown. In practice, no particular difficulty was experienced in maintenance 
of sufficient balance with the improved production control of crystals during 
the latter part of the war program. 

The advantages of the balanced radar converter here described are two- 
fold. First, the signal power dissipation in the beating oscillator branch is 
reduced to a minimum and conversely the beating oscillator power fed back 
into the antenna and reradiated is reduced. Second, the noise sidebands, 
which are associated with the output frequency of the reflex oscillator, are 
reduced effectively in the IF output branch by the degree of balance avail- 
able. This local oscillator noise sideband contribution is normally respon- 
sible for a definite degradation of the over-all radar receiver noise perform- 
ance and hence, the use of a balanced converter will contribute to improved 
performance. An additional advantage of the balanced converter is the 
minimizing of signal branch impedance variation effects on the beating oscil- 
lator load impedance and, therefore, its frequency. The variation of the 
antenna impedance during the scanning cycle has in this design little effect 
on the tuning of the receiver. 

2.15 The Radar Receiver Beat Oscillator 

For. microwave radar receiver purposes the selection of the local beat 
oscillator within the converter assembly has been essentially limited to two 
types of tubes, both of which were developed during the past war period. 
For radar systems operating at frequencies of 1000 mc and lower, the 
GL-2C40 lighthouse triode has served quite satisfactorily, while at fre- 
quencies above 1000 mc, the single-cavity reflex oscillator tube has been 
extensively employed. Both of these tube types have adequate power 
output and frequency stability characteristics to meet the normal radar 
system requirements. 

Some of the desirable characteristics of a beat oscillator tube for use in 
military radar receivers can be listed as follows: 

A. At least 20 milliwatts of useful output power is desirable. In the case 
of the silicon crystal rectifier element, the applied power is limited to 
approximately 1 mw; however, the availability of additional oscillator 
power enables the converter designer to effectively isolate the beat 
oscillator and signal branches by simple inpedance mismatch means. 

B. The frequency stability of the ideal beat oscillator tube must be in- 
herently good, or convenient means to automatically control this 
frequency must be provided. The maximum allowable radar receiver 
frequency variation due to all causes is of the order of 1 mc. In terms 
of the beating oscillator frequencies employed in the radar systems of 
the past war, this represents an allowable oscillator frequency variation 
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from all causes of from 0.1% to .01%. The possible influencing fac- 
tors include temperature, atmospheric pressure, supply voltage, and 
load impedance variations with time, and mechanical shock and 
vibration. 
C. It is extremely desirable that frequency control of the beat oscillator 
be available by remote electrical means. The use of automatic tuning 
control of a military radar receiver has proved a necessity during the 
past war and, as will be discussed in a later section, the rates of change 
of frequency encountered are found to be quite great. This requires 
essentially that an electrical control method of continuously adjusting 
the beat oscillator frequency be employed to obtain satisfactory re- 
ceiver performance. 
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Fig. 16. — 1000-mc Radar local beat oscillator employing GL-2C40 vacuum tube — 
chematic diagram. 

D. It is desirable that the output of the beating oscillator tube be free 
from noise. In the usual radar system, if the output frequency of the 
beat oscillator is modulated with noise, a reduction in receiver per- 
formance will result. As previously discussed, the development of 
the balanced converter has provided the converter designer with some 
relief from this noise source and in this case this requirement assumes 
less importance. 
A beat oscillator arrangement utilizing the GL-2C40 lighthouse tube, as 
developed for a military radar system operating in the 1000 mc region, is 
indicated in Figure 16. This assembly is quite similar mechanically to the 
RF and converter components employed in this frequency region and 
described previously. The positive feedback necessary to sustain oscilla- 
tion is provided by means of a feedback coupling probe as shown. The 
oscillator output is available by means of a pick-up loop inserted into the 
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plate-grid cavity and thence to the output coaxial line. The frequency 
stability of this particular design has been quite satisfactory due to the con- 
siderable development effort expended on the mechanical design features of 
this assembly. 

Another radar receiver beating oscillator which has been extensively 
employed in military equipment designs operating at 3000 mc and higher 
during the past war period is the reflex'velocity-modulated oscillator. The 
2K25 type, which is a typical single-cavity reflex oscillator for operation in 
the 10,000-mc region, is illustrated in Fig. 17. The general principle of 
operation is quite straightforward, but the complete theory of operation is 
exceedingly complex and has been described in detail elsewhere. 10 A beam 
of electrons of relatively uniform velocity and density is projected from a 
cathode surface toward a cavity space defined in part by two grids and then 
toward a repeller electrode beyond. The presence of the oscillatory poten- 
tial between the two cavity grids acts to impart initial velocities to the 
electron stream in accordance with the cavity radio-frequency potentials 
existing at the time of crossing of this gap. Under certain operating condi- 
tions between these grids and the repeller electrode, which is maintained 
at a negative potential, "bunching" of electrons occur and upon the return 
of the electrons to the cavity region under the retarding influence of the 
repeller electrode, a certain amount of power may be extracted and utilized 
externally. As might be expected from this cycle of events, the optimum 
operating conditions necessary for reinforcement of oscillation within the 
cavity are related to the time required to return the electrons to the cavity 
with reference to the instantaneous oscillatory radio-frequency potential of 
the cavity. Thus, numerous modes of oscillation are found in this type of 
reflex velocity-modulated oscillator which are related to each other by 
integral numbers of periods of the oscillatory frequency and the transit time 
of the electrons. In the practical application of the reflex oscillator the 
number of useful modes are limited to perhaps two or three, the external 
power output available at the additional theoretical modes being reduced 
by dissipative conditions within the oscillatory system. The relation of 
repeller potential to the appearance of these modes is illustrated in Fig. 18 
for the case of a 2K25-type oscillator. It should be observed here that the 
frequency at the maximum power output condition for each mode is the 
same, i.e. the frequency associated with the cavity dimensions for that series 
of modes. The cavity dimensions of the reflex oscillator tube are varied 
by the application of external mechanical pressure regulated by an adjustable 
tuning strut as shown in Fig. 17. The power for external use is obtained 
from a coupling loop located within the cavity region and transmitted 
through the base by means of a coaxial lead. 

10 Pierce and Shepherd, Loc. Cit. 
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Fig. 17. — Constructional details of the type 2K25 single-cavity reflex oscillator for use 
at 10,000 mc. 
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The single-cavity velocity-modulated oscillator is admirably suited to 
electrical remote control of its oscillation frequency by means of the potential 
applied to the repeller element, thus lending itself to automatic frequency 
control in a simple manner. Figure 19 indicates the frequency and power 
output versus repeller voltage characteristic of a typical 2K25 10,000-mc 
reflex oscillator when operating at a normal mode previously shown in 
Fig. 18. It is customary to define the electronic tuning range of a reflex 
oscillator as that range of frequencies over which the power output exceeds 
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Fig. 18.— Typical output power modes vs. repeller voltage for a 2K25 type reflex 
oscillator. 

50% of the maximum power output. The tube whose characteristic is 
illustrated in Fig. 19 would accordingly have an electronic tuning range 
of 53 mc. 

2.16 Typical Radar Input Circuit Designs 

An example of a radar receiver input circuit operating in the 1000-mc 
frequency range is shown in its final mechanical form in Fig. 20. This 
particular design was employed in several military ground radar systems 
including the Mark-20 Searchlight Control equipment of Fig. 1, and in modi- 
fied form in several naval fire control systems. It consists of two stages 
of radio-frequency amplification, a converter stage, and a local beating 
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oscillator all of which employ the GL-2C40 lighthouse tube. This particular 
equipment example has been developed in the form of a sliding drawer to 
assure ease of maintenance but with no sacrifice in rigidity of mechanical 
assembly so necessary in this type of equipment. Further mechanical 
details of the cavity and tube structures of each component are shown in 
Fig. 21 and are generally similar to the examples previously described. 
These cavity structures are heavily silver-plated to assure good electrical 
and thermal conductivity. The problem of adequate conduction of heat 
from the GL-2C40 vacuum tube under the severe ambient temperatures 
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Fig. 19. — Power output and frequency deviation vs. repeller voltage for 2K25-type re- 
llex oscillator. 



encountered in military service is extremely important. Positive locking 
devices are provided for all adjustments in this mechanical design. 

Figure 22 indicates the schematic diagram of this design. It may be 
observed that separation filters are employed extensively to assure negligible 
interaction effects between the various stages through the common power 
supply connections. 

The over-all performance of this particular design of a radar receiver 
input circuit is as follows : 

Input Frequency 1000 mc 

Output Intermediate Frequency 60 mc 

Over-all Band Width 5 mc 

Over-all Gain. . 18 db 

Over-all Noise Figure 14 dh 

Input Impedance 50 ohms 

Output IF Impedance 75 ohms 



THE RADAR RECEIVER 



727 



The above performance is representative of the limits which all manu- 
factured units are required to meet and also indicates the field performance 
which must be maintained for satisfactory military service. Under labo- 
ratory conditions and with a certain compromise of stability and ease of 




Fig. 20. — 1000-mc Radar receiver input circuit design, including two stages of radio 
frequency amplification, converter, and beat oscillator. 



adjustment, improved performance over the figures given here can be 
expscted. 

The design for manufacture of a converter assembly typical of airborne 
equipment methods is illustrated in Fig. 23. Here the equipment design 
reflects the fundamental requirement of radar equipment for aircraft — that 
of providing compact units of sufficient rigidity with a minimum of weight. 
This particular converter unit was employed in the AN/APS-4 Airborne 
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Search and Interception radar equipment shown in Fig. 3 and operates 
within the 10,0CO-mc frequency band. The automatic frequency control 
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Fig. 21.— Mechanical details of cavity structures employed in 1000 mc radar receiver 
input circuit. 

circuit and two IF preamplifier stages are also included here as an integral 
part of the converter assembly. 

The schematic diagram of the converter portion of this assembly is given 
in Fig. 24. It should be observed that the basic arrangement of the crystal 
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converter is similar to a form described in a previous section. The signal in 
this example is introduced into the converter section of the waveguide 
through an iris following the TR tube. Two 2K25 reflex oscillator tubes 
are mounted upon this waveguide with their output probes extending into 
the guide proper. The crystal cartridge is located near the end of the wave- 
guide with an adjustable piston terminating the guide. A waveguide to 




Fig. 22. — 1000-mc Radar Receiver Input Circuit. Schematic diagram. 



coaxial transforming section employs the crystal as an extension of its axial 
element with an adjustable capacitance element for tuning purposes. 

It will be observed here that a shutter is included in this design, whereby 
the crystal element can be isolated from the signal input end of the wave- 
guide. This is a most necessary device on all radar converters employing 
crystal converter elements to prevent accidental overload of the crystal. 
When the transmitter is not in operation and accordingly the TR tube "keep 
alive" is not energized, there is a possibility of subjecting the crystal element 
to signals of sufficient amplitude to destroy its characteristic. These over- 
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load signals may occur as the result of direct pick-up of an adjacent radar 
system or in certain cases atmospheric discharges. To prevent this a 
mechanical shutter is inserted into the converter which offers effective 
attenuation to any signal input. This shutter is withdrawn only if the 
proper TR "keep alive" voltage is available. 







WAVEGUIDE 
(TO antenna) 

Fig. 23. — 1 0,000- mc Converter and IF preamplifier assembly for AN/APS-4 airborne 
radar equipment. 



The performance characteristics of this converter and IF preamplifier 
unit is as follows: 

Radar Frequency 10, 000 mc 

IF Frequency 60 mc 

Conversion Loss 6.5 db 

Noise Figure of IF Preamplifier 4. 5 db 

Noise Figure of Converter 8.6 db 

Noise Figure of Converter and Preamplifier 1 1 . 9 db 

IF Band Width 4 mc 

These values are representative of the performance under conditions of 
average crystals and average IF input tubes. 
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2.2 The Radar Intermediate Frequency Amplifier 

The intermediate frequency (IF) amplifier component of the radar re- 
ceiver has as its function the selection and amplification of the received 
signal following its conversion to the intermediate frequency. The further 
conversion of the IF signal to a video form suitable for use in the display 
device is usually included as an integral part of the IF amplifier and will, 
therefore, be considered here as an additional function of this component. 

2.21 IF Amplifier Requirements — Band Width 

The frequency-selectivity characterstic of the radar receiver is deter- 
mined effectively by the IF amplifier, since the preceding converter and 
other microwave components offer little or no selectivity. The receiver 
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Fig. 24.— Schematic diagram of 10,000-mc AN/APS-4 converter unit. 



band width required to adequately transmit the wanted signal, while restrict- 
ing the noise contributions, is an extremely important factor in the radar 
system design and represents, therefore, a basic consideration in the design 
of the IF amplifier. 

The receiver band width required to adequately transmit the basic re- 
ceived pulse information can be determined by a consideration of the fre- 
quency-energy characteristics of a radar pulse. The microwave pulse is 
created by the sudden application of a high-energy pulse to the magnetron 
microwave generator. It has been found sufficient to treat this output 
envelope as a simple rectangular pulse in band width computations. Fig- 
ure 25 indicates the amplitude, time, and frequency relationships which 
exist for an idealized rectangular radar pulse envelope. It may be observed 
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that approximately 75% of the energy contained in the idealized original 
pulse will be available after transmission through a band-pass structure of 

band width dimension of — cycles per second. A further doubling of the 

T 

2 
band width to — cycles per second will increase the available energy by only 

T 

about 15%. In the case of the practical radar-pulse envelope which usually 
is characterized by a trapezoidal form with finite rise and decay intervals, 

the energy contained at frequencies outside of a — band is reduced some- 
what over the idealized case illustrated in Fig. 25. 




TIME 



h-H <b) 

K~- -f — H 



FREQUENCY 



Fig. 25. — Amplitude-time and energy-frequency relationships for a rectangular 
radar pulse envelope. 

The signal-to-noise ratio of the radar receiver is dependent on the over-all 
receiver band width as indicated in the previous section of this paper. It 
is extremely important then to restrict the IF band width as much as pos- 
sible, consistent with adequate transmission of the signal itself. The final 
band width choice is that value where a further increase would result in a 
noise increase greater than the corresponding signal improvement and where 
a band width reduction would diminish the signal by a greater increment 
than the noise. The exact determination of the optimum radar receiver 
band width must be carried out using the final display device in making 
the signal-to-noise comparisons. If the radar system is to be employed for 
search purposes where echo presence is the primary measure of the perform- 
ance of the equipment, the optimum over-all receiver band width has been 

found to be of the order of — cycles per second resulting in an IF ampli- 



fier band width of — cycles per second to adequately transmit the double- 

T 
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sideband signal at this point. In the case of fire-control radar equipments, 
where precision range measurement is required, it is desirable to determine 
the range by reference to the leading or lagging edge of the radar received 
pulse. Here the optimum band width may be considerably greater than 
the value indicated above for a simple search system to assure a 
minimum rise time of the displayed pulse and an accordingly more precise 
determination of the position of the pulse. Additional factors which influ- 
ence the radar receiver band width value in a particular system design 
involve the frequency stability of the microwave generator and the local 
beating oscillator, the sensitivity characteristics of the automatic frequency 
control system, the frequency stability characteristics of the IF amplifier 
itself, and finally the desire to permit ease of tuning by the radar operator. 
The phase distortion introduced by the IF amplifier is of secondary in- 
terest in the case of radar systems. The faithful reproduction of all char- 
acteristics of the received radar pulse is usually not of extreme importance, 
since with few exceptions the criterion of presence is all important. The 
detailed form of the transmission characteristic is likewise not extremely 
critical, the usual "rounded" IF transmission characteristic, however, con- 
tributing somewhat to ease in tuning the radar receiver. 

Gain Characteristics 

A consideration of the converted input signal levels encountered and the 
video output level desired indicates the IF amplifier gain requirement. The 
input signal to the IF amplifier is determined by the type of converter em- 
ployed and the presence or not of radio-frequency amplification preceding 
the IF section and the absolute noise power resulting. The video level at 
the second detector must be maintained at a sufficiently high level so that 
microphonic disturbances within the remaining video components are neg- 
ligible and low enough to assure satisfactory detection without serious over- 
load effects. Undesired feedback at the IF frequency also tends to limit 
the practical gain which can be introduced into the IF amplifier. In the 
military radar systems of the past war period the usual maximum gain 
associated with the IF amplifier was of the order of 110 db with a maximum 
detector output level of approximately 1 volt rms of input circuit noise. 
The extreme variation of the level of the desired radar signal makes neces- 
sary that provision for a large gain control variation be included in the IF 
amplifier design. This gain control often involves automatic, as well as 
manual, adjustment and commonly a gain variation range of the order of 
80 db is required. 

Another consideration which enters into the IF amplifier design and is 
associated with gain features, is the behavior of the amplifier in the presence 
of extremely large radar signals or enemy "jamming" signals. Optimum 
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protection against complete "blocking" of the IF amplifier under these 
conditions involves the use of extremely small-valued filter or by-pass ele- 
ments which are associated with the grid and cathode circuits to present 
very short time constants and, accordingly, assure recovery of the amplifier 
in fractions of a microsecond after overloading by a large pulse signal. The 
gain control method is also chosen to minimize possible overloading by reduc- 
ing the gain of the amplifier at a point as far forward in the radar receiver 
chain as possible. 

Intermediate Midband Frequency 

The choice of the intermediate frequency for a radar receiver is essentially 
a compromise between the need for reduction of unwanted external inter- 
ference and noise, and the desire to realize maximum performance in terms 
of gain and noise figure. 

The tendency to employ a high IF midband value arises from a considera- 
tion of the character of the certain local beating oscillator noise sidebands. 
As mentioned previously, the noise sideband output decreases as the fre- 
quency interval from the oscillator frequency is increased and it is apparent 
that a high value for the IF will be advantageous. In the case of balanced 
converters where the oscillator noise sidebands are reduced by the circuit bal- 
ance, this factor assumes less importance. A moderately high IF is also 
advantageous in the elimination of the IF signal from the final detected video 
output which must be accomplished by the use of low-pass filters. The 
automatic frequency-control problem is somewhat simplified by the use of 
a high IF. The wider separation of the desired tuning point and the image 
response and the reduction of interfering TR pulse energy is a positive help 
in the performance of the automatic frequency-control circuits and will be 
discussed in detail in a later section. 

There are also a number of factors which indicate that a low value of 
midband IF may be desirable. The noise figure of the input stage of the 
IF amplifier is generally better at a low frequency, though this improvement 
tends to be quite small for the band widths employed in the military radar 
system. A more important advantage of a low IF value is found in the 
improvement of the absolute frequency stability of the IF transmission char- 
acteristic under the influence of variations of tube and circuit capacitance. 

Intermediate midband frequencies of 30 mc and 60 mc have been employed 
in the majority of military radar systems developed in the United States 
during World War II. In general, 30 mc has been employed quite exten- 
sively in naval and ground radar equipments for fire control where radar 
pulse widths of the order of one microsecond are used. For airborne radar 
equipments with the emphasis on compactness, weight, and the trend toward 
higher microwave transmission frequencies, 60 mc has proven to be an 
extremely popular intermediate frequency value. 
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The Second Detector 



The final conversion of the IF signal to a video form is accomplished by 
simple detection. This process is usually associated with the IF amplifier 
because of the relative ease by which the video signal can be transmitted to 
the following display circuits, usually physically removed from the IF ampli- 
fier, as compared with the transmission problem which exists at the inter- 
mediate frequency. 

Two types of second detector circuits which are commonly employed in 
radar receiver design are the linear diode rectifier and the plate circuit detec- 
tor, both similar in form to those employed in prewar television practice. 
Several factors must be considered in the choice of the second detector 
operating characteristic. Linear detection of the signal is desirable from 
the standpoint of realizing the greatest possible visibility of weak radar 
signals in the presence of noise of ccmparable amplitude. In the case of 
lobing radar signals where bearing determinations are made by comparison 
of the return signal amplitude for two bearing conditions of the antenna 
radiation, the characteristic of the second detector enters to affect the sensi- 
tivity of azimuth response in two ways. The lobing sensitivity is increased 
by the use of a square law detector, however, the presence of a "jamming" 
signal of the CW type which may be located off axis can introduce a false 
bearing indication, which is not present when a purely linear detector is 
employed. In general, the linear detector has been employed in most radar 
systems developed during the past war period. 

The detailed circuit design of the IF amplifier can be conveniently sepa- 
rated into three quite distinct parts. These include the input circuit design, 
the interstage arrangement, and the design of the second detector circuit. 

2.22 IF Amplifier Input Circuit Design 

The primary consideration in the IF amplifier input circuit design is the 
effect of this stage on the over-all receiver noise figure. As indicated pre- 
viously, this over-all receiver noise figure is dependent on the performance 
characteristics of the first or input IF amplifier stage to a degree dependent 
on the loss of the converter stage preceding it. In the military radar field, 
employing microwave frequencies of 3000 mc and greater, the crystal con- 
verter is universally employed and the over-all noise performance is deter- 
mined largely by the IF input stage. The use of high-gain pentodes in the 
IF amplifier assures that noise contributions from the following stages 
are negligible. 

Figure 26 represents an equivalent input circuit of the IF amplifier con- 
venient for discussion of the noise performance of this circuit. Here the 
noise contribution, exclusive of the signal source, is observed to be composed 
of two sources, one due to shot noise of the first IF stage referred to the grid 
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circuit and a second noise source related to active grid loading effects. 11 
The optimum IF amplifier input circuit design involves primarily the 
selection of impedance transformation means which results in the maximum 
over-all signal-to-noise performance for the radar receiver. It can be shown 
that this optimum value of impedance transformation is not that value which 
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Fig. 26. — Simplified equivalent input circuit of an intermediate frequency amplifier 
and noise-figure vs signal source impedance. 

maximizes the signal but rather is a condition where a definite signal mis- 
match obtains. This may be understood by an inspection of the character- 
istics of the two fictitious noise sources illustrated. The shot noise con- 
tribution of the vacuum tube employed in the input IF amplifier stage is 
here represented by the series noise generator V T • Under conditions of 
shorted grid this is the only effective noise contribution, and this procedure 
offers a simple method for determination of the magnitude of this effect. 

""Considerations in the Design of a Radar IF Amplifier," Andrew L. Hopper and 
Stewart E. Miller, Proc. I. R. E., November 1947. 
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The additional noise contribution under the condition where an impedance 
is placed in the grid circuit is shown by the noise generator V G ■ This noise 
source is related to the active grid loading. The resistance R G represents 
this effective loading which is due to transit time and tube lead inductance 
effects and, therefore, has a value which is associated with the frequency of 
operation and the particular design of tube employed. At very low fre- 
quencies, R a — > °° , the shot noise effects are entirely controlling, and the 
optimum IF amplifier input grid circuit condition for minimum noise figure 
is that condition where the impedance of the signal source approaches an 
infinite impedance. As the frequency of operation is increased, R a assumes 
a finite decreasing value and the optimum signal source impedance is given 
by the relationship illustrated in Fig. 26. It should be noted that the 
frequency values associated with the above characteristic are indicative of 
the performance of the 6AK5 pentode, one of the most satisfactory of avail- 
able tubes for this purpose. It should be observed that the input IF ampli- 
fier stage noise figure is independent of the impedance of the signal source 
providing that a perfect or lossless transformer can be employed to achieve 
the optinum impedance transformation indicated. 

The realization of proper impedance transformation characteristic in the 
radar IF amplifier input circuit is basically a network problem. The input 
grid impedance which can be maintained over the desired band of frequencies 
is limited by the total capacitance present in the grid circuit. For narrow 
IF band widths, particularly at the lower frequencies, the realizable imped- 
ance at the grid may be in excess of the active grid loading value and here 
the noise performance indicated in Fig. 26 may be realized. However, for 
wide IF band widths at normal radar IF midband values the maximum grid 
circuit impedance which can be achieved under the limitation of the grid 
circuit capacitance will be less than the value associated with the active grid 
loading and the noise figure obtained will be somewhat higher than the opti- 
mum shown. This restrictive design condition is referred to as "band width 
limited." In modern military radar receivers this condition normally 
obtains. 

To achieve the maximum input coupling network efficiency it is extremely 
desirable to minimize all parasitic capacitances under control of the designer 
and to employ the most effective network arrangement available. The 
double-tuned transformer and autotransformer networks are commonly 
employed for this purpose. Any loss in the impedance transforming net- 
work will result in further degradation of the noise performance, since this 
loss is effective in reducing the signal energy while having no effect on the 
tube noise level. The magnitude of the impedance transformation ratio 
required in a typical radar design case for optimum noise figure is approxi- 
mately seven times, where a crystal converter of the type shown in Fig. 14 
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is employed, and the optimum grid impedance at 60 mc as shown in Fig. 26 
is approximately 3000 ohms. 

The vacuum tube employed in an input stage of an IF amplifier should 
have the following characteristics to achieve the optimum performance. 
The tube should be capable of providing sufficient gain to assure that the 
noise contribution of the following stages is negligible. The input con- 
ductance of the selected tube at the intermediate frequency should be as low 
as possible indicating generally that physical size should be small to assure 
small transit time effects and low lead inductance values. The noise output 
of the tube itself should be a minimum, this characteristic being somewhat 
controllable by proper emission characteristics. The characteristics of the 
most desirable of the vacuum tubes available to the radar receiver designer 
during the past war period for IF amplifier purposes is given in Table I. 

Table I. — Principal Characteristics of IF A mplifier Tubes 





Heater 
Power 
Watts 


Plate 

Current 

ma 


Total 
Power 
Consump- 
tion 
Watts 


Nominal 
Transcon- 

ductance 
Micromhos 


Interclectrode Capaci- 
tances Micromicrofarads 


Band 

Merit 

Bo 

mc 


Type 


Control Grid 

to Heater, 

Cathode, 

Screen 

Suppressor 

Grid 


Plate to 
Heater, 
Cathode, 
Screen, 
Suppressor 


6AC7 

6AG7 
6AG5 
717A 
6AK5 


2.84 
4.10 

1.89 
1.10 
1.10 


10 
30 

7.2 
7.5 
7.5 


4.7 

9.6 
3.0 

2.3 
2.3 


9000 

11000 

5100 

4000 

5000 


11 

13 
6.5 
4.9 
3.9 


5 

7.5 

1.8 

3.8 

2.8 


89 

85 

95 

73 

117 



The development of the 6AK5 pentode was the direct result of the necessity 
for improved radar IF amplifier performance, and details of this develop- 
ment and the performance of this tube have been described elsewhere. 12 

The noise present in a pentode is greater than in a triode, primarily due to 
the presence of additional grid structures. Because of this fact, a number 
of attempts have been made to employ triodes in the input stage of the IF 
amplifier. To prevent oscillation due to large positive feed-back present 
through the plate-to-grid interelectrode capacitance, neutralization methods 
have been employed. For moderate IF band widths at 60 mc such experi- 
mental designs have shown an improvement in noise figure of slightly more 
than 1 db over the pentode design; however, the criticalness of the neutraliza- 
tion scheme and the difficulties in extending the performance to wider IF 
band widths has not allowed this design to be adopted extensively to 
military radar equipment during the past war period. 

^"Characteristics of Vacuum Tubes for Radar Intermediate Frequency Amplifiers," 
G. T. Ford, Bell System Technical Journal, Vol. XXV, July 1946. 
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2.23 Inter stage Circuit Design 

The design of the IF amplifier interstage circuit is basically concerned with 
achieving the greatest possible gain per stage while not compromising the 
frequency characteristic and stability, or complicating the structure to an ex- 
tent where it will be difficult to realize the designed measure of performance 
under military operating conditions. The problem can be resolved into the 
choice of the vacuum tube and the selection of an interstage coupling 
network. 

The gain of a pentode operated into a 2-terminal parallel resonant network 
which exhibits a maximum impedance R at resonance is given by G m R 
under the restriction R„ << R p . If .a band width AF is defined as that 
band of frequencies where the magnitude of the impedance Z of the network 

R o . 

is equal to or greater than ~~t= it can be shown that 



2-wRnC ' 



The gain-band width product of an amplifier stage is a measure of perform- 
ance of the stage and serves as a criterion for tube performance if a standard 
load impedance as above is adopted. Then the band merit B for this con- 
dition will be given by i 

B, = AFG M R = -^ (G m Ro) = _% . 

The band merit B of a tube has the dimensions of frequency and may be 
interpreted as the frequency at which the voltage gain of the vacuum tube is 
at unity with a plate load impedance restricted solely by the sum of the plate 
and grid tube capacitances. The ideal IF amplifier vacuum tube will 
exhibit a high band merit figure, stable operating characteristics over the 
life of the tube, uniform characteristics during the production period, small 
size for compact amplifier use and for resulting mechanical rigidity, and 
finally low-power consumption, desirable from both the power supply stand- 
point and heat dissipation considerations. The actual types of vacuum 
tubes generally employed for radar IF amplifiers during the past military 
program in order of their availability were the 6AC7, 717A, and finally the 
6AK5. The improvement in performance achieved through this succession 
of developments can be observed by reference to Table I and the band merit 
and power consumption figures for these tube types. 

Figure 27 illustrates three types of interstage coupling networks which 
have been commonly employed in radar IF amplifiers for military purposes. 
The synchronous single-tuned network design has an advantage of simplicity 
of construction and permits relatively simple realignment procedures under 



740 



BELL SYSTEM TECHNICAL JOURNAL 



the limited resources of military field conditions. This type of interstage 
has been employed quite widely in radar equipments designed during World 
War II. To achieve the maximum gain per stage it is necessary to restrict 
the total shunt capacitance of the interstage circuit to the unavoidable ele- 
ments due to tube and circuit arrangement. Additional capacitance con- 
tributions are avoided by the use of a variable inductance element adjustable 
through the use of movable magnetic cores to resonate the network to the 
desired midband IF value. The shunt resistance element is chosen to 
achieve the desired band width. 




SYNCHRONOUS 
SINGLE TUNED 



STAGGERED 
SINGLE TUNED 



DOUBLE 
TUNED 



Fig. 27.— Typical IF Amplifier Interstage Circuits. Simplified schematics. 



The band width required of each individual interstage circuit of a multi- 
stage amplifier of this type to meet an over-all band width requirement of 
B cycles is given by 

B = A/'V2 17jv - 1 

where AF represents the band width of the individual interstage network, 
defined as the band over which the response is within 3 db of the midband 
IF value, and N is the number of interstage circuits employed. As the 
individual interstage band width is increased to achieve the desired over-all 
value, the gain per stage is reduced and a greater number of stages is required 
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to meet the over-all gain requirement. The over-all gain of a multistage 
amplifier employing synchronous single-tuned interstage networks is 
given by 



G a = 



\ 2ttC t B ) 



where C r represents the total interstage shunt capacitance and B is the over- 
all band width requirement. Table II presents the individual interstage 
band widths and the maximum over-all gain obtainable for multistage IF 
amplifiers having a 5 mc over-all band width requirement. Here the use of 
the 6AK5 pentode is assumed and the total interstage shunt capacitance is 
assumed to be 12 micromicrofarads. It should be observed that unavoidable 
misalignment of circuits, aging of tubes, and other such effects all tend to 
reduce the idealized computed performance under the practical military 
radar conditions and must be considered thoroughly in the design. 

Table II. — Interstate Band Width and Over-all Gain of Multistage IF Amplifiers 



No. of Amplifier 
Stages 


Synchronous Single-Tuned Interstage 


Double-Tuned Interstage 


Interstage 

Hand Width 

mc 


Over-all Gain 
db 


Interstage 

Band Width 

mc 


Over-all Gain 
db 


1 

2 
4 
6 
8 
10 


5 

7.8 
11.5 
14.3 
16.6 
18.7 


24 
37 
61 
80 
96 
110 


5.0 
6.2 
7.6 
8.6 
9.3 
9.8 


27 

47 

87 

125 

162 

198 



The double-tuned interstage network configuration shown in Fig. 27 is 
a somewhat more efficient circuit form than the single-tuned variety just 
discussed, and because of this improved performance has been employed to 
about the same extent as the synchronous single-tuned type during the past 
war. Its performance advantage lies in the basic fact that the transmission 
response curve for this structure has a flat-top characteristic resulting in a 
slower rate of over-all band width reduction as these circuits are cascaded. 
The ability to separate theoutput plate and the input grid circuit capacitances 
and the elimination of the plate-to-grid coupling capacitor with its additional 
parasitic capacitance to ground results in a greater gain-per-stage perform- 
ance. In this structure the resonant frequency of both primary and second- 
ary circuits corresponds to the midband IF and the conditions of equal Q 
of primary and secondary circuits and critical coupling are assumed. These 
conditions result in a smooth flat-topped response characteristic having 
optimum gain performance. The relationship between the individual inter- 
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stage band width and the over-all band width of a multistage amplifier 
employing double-tuned interstage circuits is given by 

B = AF\Z4(2 l ' N - 1) 

which is illustrated in Table II together with the corresponding over-all gain 
of multistage IF amplifiers of this design. 

The third type of interstage network arrangement illustrated in Fig. 27 
represents a method employed to realize improved performance of the single- 
tuned interstage network type by resonating alternate interstages at fre- 
quencies above and below the desired midband IF value. This stagger-tuned 
interstage design permits greater gain per stage together with an increased 
over-all band width for each pair of amplifier stages over that obtained with 
the synchronous single-tuned design. In the case of IF amplifiers having 
six or more stages a variation of this stagger-tuned method can be employed 
where three successive interstages are considered as a design unit and the 
individual interstage resonances are adjusted below, above, and centered at 
the midband IF respectively. To afford a measure of the improved perform- 
ance of a stagger-tuned IF amplifier we may consider the relative performance 
of a 6-stage IF amplifier of 5 mc over-all band width employing the 6AK5 
vacuum tube. An individual interstage band width of 7.2 mc and an over- 
all gain of 116 db will result from the use of stagger-tuned interstage circuits 
while reference to Table II indicates the synchronous single-tuned design 
would have an over-all gain of only 80 db while the double-tuned design 
would result in an over-all gain of 125 db. The use of a triple stagger-tuned 
design would produce a 6-stage amplifier having approximately the same 
gain performance as the double-tuned example above. 

The choice of the interstage network configuration to be employed in a 
radar IF amplifier must be made considering the circuit efficiency, the gain- 
frequency stability behavior, and with due regard for the ever-present prob- 
lem of maintenance of performance under the field conditions of modern 
warfare. From a standpoint of circuit efficiency alone, it has been shown 
that the synchronous single-tuned interstage network is decidedly inferior 
to the more complex forms, but the obvious simplicity of construction of this 
type and the possibility of adjustment and realignment with simple methods 
available in the field is a strong recommendation for its adoption in military 
radar IF amplifiers. The double-tuned circuit has a considerable advantage 
in circuit performance over the case above, but some portion of this increased 
efficiency must be sacrificed since it is impractical to construct this network 
with adjustable elements. Here the normal variations in interstage capaci- 
tance with replacement of vacuum tubes or aging effects must not be allowed 
to reduce the over-all amplifier performance below the design limit. The 
solution to this problem must be achieved by design of each interstage circuit 
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to obtain a somewhat wider band under average tube conditions so that 
under subnormal but acceptable tube conditions the over-all performance of 
the amplifier is still within requirements. The use of stagger-tuned inter- 
stage designs will also result in increased performance over the basic syn- 
chronous single-tuned variety, but the maintenance of the over-all perform- 
ance of a radar IF amplifier of this type involves relatively complex measure- 
ments not always possible under military conditions. 

2.24 Second Detector Design 

The final conversion of the IF signal to the video form, as required by the 
following radar display device, is accomplished by simple detection or recti- 
fication. For this purpose either a diode rectifier or a triode operating as 
plate circuit detector is usually employed. The second detector design 
follows the practices generally developed for television receivers prior to the 
war. The diode second detector method has the advantage of simplicity 
with no plate supply voltage being required, but the performance of such a 
detector is somewhat limited for the frequencies employed in radar systems. 
The linearity of rectification of a diode depends on maintaining a high load 
impedance relative to the internal impedance of the tube. The external 
load impedance is limited, by the presence of tube and parasitic circuit 
capacitance and the video band width required, to somewhat less than 1000 
ohms for the typical radar case. The internal impedance of the usual avail- 
able diode is of the order of several hundred ohms so that the linearity of 
detection suffers. The low value of the diode load resistance is also reflected 
in the termination of the last IF amplifier stage and affects the gain of 
this stage. 

The plate circuit detector often employed consists of a triode operated 
near plate current cutoff. Here the detector load impedance is effectively 
isolated from the plate circuit of the last IF amplifier stage. The linearity 
that can be obtained from this type of second detector is essentially the same 
as with the usual diode detector. 

The polarity of the detected video output signal may be chosen of either 
sign by proper circuit arrangement for convenience in the video amplifying 
and limiting circuits which follow. It is desirable to reduce the amplitude 
of the IF signal which appears at the output of the second detector to prevent 
overload and interference in the video amplifier following. This is accom- 
plished commonly by the inclusion of a low-pass filter of simple form in the 
output circuit of the second detector. 

2.25 Typical Component Designs 

In the military radar system design it has been observed that a maximum 
video output signal of the order of one volt of noise is desirable as a design 
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objective resulting in an over-all gain requirement of the order of 110 db. 
If the radar system employs RF amplification, the entire IF amplification 
may be provided in one unit. However, in radar systems operating above 
1000 mc it has proved advantageous to provide the total IF gain required in 
two separate amplifier sections. The IF preamplifier assembly is commonly 
designed to be mounted adjacent to the crystal converter located in the 
transmitter portion of the radar system and usually consists of two stages 
of IF amplification. The main IF amplifier is usually located at some 
distance from the preamplifier, commonly associated with the indicator 
components of the radar receiver. The main IF amplifier assembly includes 
the second detector circuit and occasionally one stage of video amplification 
is included. 

The IF preamplifier location as described above is quire desirable, elimi- 
nating the need for a long transmission line connecting the IF output circuit 
of the crystal converter to the input stage of the IF amplifier. As has been 
discussed previously, the impedance transformation employed in the IF 
input stage is chosen to realize optimum signal-to-noise performance. The 
output impedance of the crystal converter is normally of the order of 
400 ohms. To assure negligible impedance reflection losses in this circuit, 
any connecting cable employed would have to be designed to present a char- 
acteristic impedance of this order of magnitude which is inconvenient. The 
practical solution as employed in past military radar systems is obtained by 
locating the IF preamplifier in close proximity to the converter. The 
absence of long leads at this IF input stage is also advantageous in reducing 
the interference pickup into this low signal level point. After moderate 
amplification the output of the IF preamplifier is usually fed over a 75-ohm 
coaxial transmission line to the main IF amplifier. 

Figure 28 illustrates the converter and IF preamplifier assembly as em- 
ployed on the AN/APQ-13 and AN/APQ-7 airborne radar bombing equip- 
ments operating at 10,000 mc. The local oscillator and silicon crystal con- 
verter are arranged in a manner similar to a basic type previously described 
in' this paper. The IF output of the crystal converter is introduced directly 
into the preamplifier assembly without exposure. This preamplifier is 
arranged to offer two stages of amplification employing the 71 7A pentode 
and using a double-tuned input, interstage, and output network. Figure 29 
indicates the circuit arrangement. The gain of this IF preamplifier is 30 db 
and an IF band width of 6 mc is provided. The output transformer network 
is arranged to operate into a 75-ohm coaxial transmission line. It should be 
observed that provision is here included to disable the preamplifier by appli- 
cation of a positive pulse to the cathode circuit of the second amplifier tube. 
This feature reduces the gain of the IF preamplifier during the short interval 
coincident with the outgoing radar pulse, which assures that the TR tube 
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"spike" which precedes conduction will be attenuated and, therefore, less 
interfering with AFC operation. Further details of this effect will be dis- 
cussed in a later section of this paper. 




Fig. 28.— Converter and IF preamplifier assembly for AN/APQ-13 and AN/APQ-7 
airborne radar bombing equipments. 
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Fig. 29.— Simplified schematic diagram of IF preamplifier component of Figure 28. 

Another example of equipment design of an airborne radar converter and 
preamplifier assembly has been illustrated previously in Fig. 23. In this 
design the 6AK5 tube is employed and single-tuned interstages and auto- 
transformer input and output networks are employed; however, the general 
arrangement is quite similar to the design previously described. 

The remainder of the IF amplifier gain required is of the order of 80 to 
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100 db which is usually provided in a main IF amplifier that can be located 
conveniently within the receiver indicator portion of the radar system. The 
main IF amplifier is commonly designed as a complete shielded unit, required 
by the high-gain concentration and desirable from the standpoint of allowing 
the same unit to be used in several radar systems. Three IF amplifiers are 
shown in Fig. 30 which well illustrates the technological development in this 
field during World War II. The first amplifier employing 6AC7 tubes was 
developed at the beginning of the war, has an over-all gain of 95 db with an 
approximate band width of 2 mc, and employs synchronous single-tuned 




Fig. 30. — Typical IF amplifier equipment designs for military radar applications. 



interstage networks. This design was employed extensively in early mili- 
tary radar equipments for land, sea, and air use. It has a total power con- 
sumption of 31 watts and weighs 2 pounds 4 ounces. The second amplifier 
illustrated was developed early in the war primarily for airborne search and 
interception radar systems and employs 717A pentodes with a double-tuned 
and single-tuned interstage combination of networks to produce a gain of 
85 db with an over-all band width of 4 mc. The total power consumption is 
11 watts and the weight here has been reduced to 1 pound 14 ounces. This 
design of IF amplifier with minor modifications was employed on the major- 
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ity of airborne bombing radar equipments produced by the Western Electric 
Company during World War II. The third IF amplifier design illustrated 
was developed somewhat later in the radar program for specific application 
to the AN/APS-4 light-weight airborne search and interception radar equip- 
ment. This amplifier employs 6AK5 tubes with synchronous single-tuned 
interstage coupling networks realizing an over-all gain of 100 db for a band 
width of 2 mc. The power consumption here is 14.5 watts and the weight 
has been reduced to 9 ounces. This amplifier design has been employed in 
a number of airborne radar equipments during the later period of the 
past war. 




CPUTjrcp 



Fig. 31.— IF amplifier design as employed in AN/APS-4 airborne radar equipment. 

Figure 31 illustrates further mechanical constructional details of the 6AK5 
amplifier described above, and the schematic circuit arrangement is given 
in Fig. 32. Five stages of amplification and a second detector of a modified 
plate circuit type is included. A positive polarity video output is obtained 
from the cathode of the second detector and a single-section video low-pass 
filter attenuates the IF signal which appears at the detector output. A 
variable gain control voltage is applied to the plate circuits of the first three 
stages of the amplifier. 

The mechanical arrangement of the components of this amplifier has been 
devised with a view to achieving optimum frequency and gain stability. 
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This equipment design features short and rigid connections and the use of 
silvered-mica button-type by-pass elements which are mechanically an- 
chored in slots cut into the chassis and soldered in place. The entire unit is 
arranged to plug into a multipin socket which supplies all power and receives 
the video signal output. The IF signal input is arranged for plug-in connec- 
tion at the opposite end of the chassis. 

The adjustable inductance elements shown are wound on forms having an 
approximate diameter of \" and the small variation in inductance required 
to compensate for circuit variations is achieved by the use of tuning screws 
as illustrated. These coils are adjusted in manufacture by a comparison 
technique employing factory standards of the same form. The completed 
amplifier is aligned with mean capacitance tubes and all tuning screws locked 
and sealed. Sufficient design margin of gain has been included in this design 
to enable meeting the radar system gain requirements with a complete set 
of "low-limit" tubes. 

2.3 The Radar Video Amplifier 

The video amplifier of the radar receiver, which follows the IF amplifier 
and second detector, has as its function the final preparation of the received 
and detected signal for display. This process involves amplification of the 
signal in its now video form, introduction of additional coordinate signals 
and wave forms required for proper display, and often includes modification 
of the original amplitude characteristics of the signal itself to enhance the 
presentation. The radar video signal is quite similar in many respects to the 
television video signal and the circuit technology, therefore, parallels the 
television art in many respects. Two characteristics of the radar video 
signal result, however, in somewhat less stringent demands on the radar video 
amplifier design. The lowest frequency of concern in radar video practice 
is related to the repetition rate which rarely is found to be less than 250 pps., 
while it is customary to design television systems to adequately transmit 
signals of the order of 1 cps. The requirement of faithful reproduction of the 
radar pulse shape is usually of secondary importance; the quality of presence 
alone usually sufficing to meet the radar system design objective. In certain 
fire-control radar systems, however, the radar system band width must be 
adequate to reproduce the received pulse to an exactness of the order main- 
tained in standard television practice. In general these somewhat reduced 
transmission requirements for radar purposes result in a desirable economy 
of circuit elements and power consumption. 

2.31 Gain-Frequency Considerations 

The limiting performance of a video amplifier can conveniently be evalu- 
ated by a consideration of the transmission problem at the extremities of the 
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video band of frequencies. At high frequencies the gain-frequency char- 
acteristic of a video amplifier stage employing pentodes as illustrated in 
Fig. 33 is given by 

Vi + r-ipH 

where/// represents the frequency at which the relative gain has been reduced 
3 db over the value achieved at the video midband region. This cut-off 
frequency relationship is similar in form to that encountered in the radar IF 
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Fig. 33. — Radar video amplifier gain vs. frequency relationships. 

amplifier design previously reviewed. In the video amplifier design the 
vacuum tube band merit B again determines the limiting performance of the 
amplifier, but since the associated video interstage circuit elements con- 
tribute considerably to the total circuit parasitic capacitance by reason of 
their large physical size, the effective band merit of a vacuum tube for video 
purposes must be considered in terms of the total tube and circuit capaci- 
tances. The additional consideration in vacuum tube choice for radar video 
amplifiers is one of load capacity, since the output signal voltage required 
for indicator use may range upward to several hundred volts. 

In a somewhat analogous manner to the relationships discussed in the 
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design of IF amplifier interstage networks, the video amplifier performance at 
high frequencies can be improved by the use of more complex 2- and 4-termi- 
nal interstage networks. In military radar systems, however, the added 
performance realized is more than offset by the undesirability of the addi- 
tional circuit elements required and the more complex maintenance problems 
that arise, so that usually only the simple resistance-coupled interstage 
design is encountered in radar systems. 

At the low-frequency extreme of the video band the gain performance of 
the simple video amplifier is related to the product of the series interstage 
plate-grid coupling capacitance and the input resistance of the following 
grid circuit. The low-frequency cut-off of a video amplifier is again defined 
as the frequency where the gain has fallen 3 db over the value at midband 

frequencies and is given by//. = D n . The highest value of R (! that can 

be employed is related to the grid current characteristics of the vacuum tube 
chosen. The use of a large value of C, is undesirable for two reasons. 
First, the interstage shunt parasitic capacitance increases as a physically 
larger condenser is employed, which results in poorer high video frequency 
performance. Second, the use of large coupling capacitances is undesirable 
from the standpoint of increase in susceptibility to blocking or paralysis in 
the presence of large signals or enemy jamming. The low-frequency gain 
response can be improved by certain proportioning of the plate, screen, and 
cathode by-pass elements also re:ulting in somewhat less possibility of un- 
desirable feedback through the common power supply impedance. 

In certain military radar system designs, multistage negative feedback 
video amplifiers have been employed. Here considerably greater trans- 
mission band width may be realized with the simple interstage network 
design and an order of improvement in stability results. The feedback 
amplifier design in these cases usually involves common cathode feedback 
impedance between the first and third stages. 

2.32 Gain-Amplitude Considerations 

The use of nonlinear gain versus amplitude characteristics in a video 
amplifier is a condition peculiar to the radar system and represents a con- 
siderable departure from established television practice. The factors that 
indicate the desirability of this treatment of the signal involve the behavior 
of the amplifier under the extreme range of received radar and jamming 
signals encountered and the electro-optical characteristics of certain radar 
indicator cathode-ray tubes. 

Definite amplitude limiting of the video radar signal is commonly included 
in military radar systems. By introducing amplitude limiting at an early 
part of the video amplifier, complete amplifier paralysis is avoided when 
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extremely large overloading signals are encountered. These signals may 
represent strong radar return echoes from objects in the vicinity of the radar 
antenna or may be due to enemy jamming signals. The ability of the radar 
receiver to recover in a short time following such serious overloading is an 
extremely important design consideration. In the case of jamming signals 
of a continuous-wave or long-pulse form, their effectiveness can be minimized 
by the inclusion of a high-pass network at the input of the video amplifier. 

In the case of radar systems which employ intensity modulated displays 
of the B, C, and PPI forms the maximum useful brightness that can be 
attained is limited by "blooming," a phenomenon in which the cathode-ray 
tube spot on the fluorescent screen undergoes a sudden defocussing when the 
brightness is increased beyond a critical value. In addition, halation effects 
are quite pronounced in these long-persistence cascade layer screens and 
contribute to an undesired masking effect when large areas of extreme bright- 
ness are encountered. In these cases it is extremely important to limit the 
maximum amplitude of the signal that can be impressed upon the indicator. 
The usual radar video amplifier includes an amplitude limiting stage located 
early in the amplifier chain whose operating conditions are such as to be 
driven to plate current cut-off by signals which exceed a preselected 
amplitude. 

The range of useful brightness of the cascade screen radar indicator is 
severely limited in comparison with the extreme amplitude range of the 
received radar signals. As has been discussed, the maximum useful bright- 
ness has been seen to be limited by halation and defocussing effects while the 
minimum brightness threshold is controlled by halation and ambient viewing 
conditions. These limitations of the viewing tube result in a criticalness 
of adjustment required of the radar operator to achieve the optimum per- 
formance of the radar system. In an effort to improve the general repro- 
duction efficiency of the military radar system, several circuit forms have 
been devised whereby the amplitude of the indicator signal is related to the 
received radar signal in a nonlinear fashion. In certain instances two paral- 
lel amplifier paths have been provided where one path operates in a normal 
fashion until overload is reached when the second transmission path, de- 
signed to properly transmit the higher amplitude signals, becomes effective. 
In this manner two relatively linear amplification regions are provided with 
a step or amplitude limiting region interposed. Such a nonlinear circuit 
arrangement has been referred to as "duo-tone", indicative of the two 
reproduction regions employed. Another video nonlinear characteristic 
which was employed in a certain airborne radar bombing equipment de- 
veloped toward the end of the war was of a logarithmic form realized by a 
two-path amplifier design. In general this nonlinear treatment of the 
radar signal amplitude has proven capable of reducing the critical adjust- 
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ment which has in the past been required of the radar indicator and in this 
respect has contributed some measure of improved performance under 
military operating conditions. 

2.33 D-c Restoration Methods 

It is pertinent to examine the exact form of the video signal encountered 
at the output of the video amplifier as it exists available for indicator use. 
The presence of series coupling condensers in the video amplifier has re- 
moved the d-c component from the signal as detected and, therefore, the 
average value of the signal is zero. In this form the amplitude of the posi- 
tive and negative signal excursions are dependent on the form of the signal 
itself. If such a signal is impressed upon an indicator of the intensity 
modulated type the average brightness of the scene will remain constant, 
and the presence of several large amplitude signals will tend to drive any 
accompanying weak signals below the useful reproduction threshold and 
effectively fail to reproduce them. In the case of an A-type display where 
the video signal deflection modulates the beam, the no-signal base line will 
assume a position on the screen dependent on the video signal form. For 
these applications it is required that the d-c component be restored to the 
signal before display. In many other parts of the radar system d-c restora- 
tion is required to enable utilizing to the fullest extent the load capabilities 
of vacuum tubes under the conditions of varying duty cycles of the im- 
pressed wave forms. In sweep circuit design a considerable economy of 
power is achieved by operating the amplifier tubes at or near plate current 
cut-off for no-signal conditions. Through the medium of d-c restoration, 
the signal excursions are confined to positive regions only and then regard- 
less of the duty cycle the signal range of amplitude impressed upon the tube 
is maintained within desired limits. 

Figure 34 illustrates three circuit forms which are employed to "re- 
insert" the d-c component of an a-c video signal. The diode restorer com- 
monly employed in radar systems is shown in Fig. 34a. The impressed 
input wave, assumed to have an average value of zero as shown, will cause 
the diode to conduct whenever the signal polarity is negative. During this 
diode conducting period the condenser C will be charged rapidly, the full 
effective negative peak signal voltage appearing across its terminals. Dur- 
ing the following positive excursion of the signal this voltage difference 
will be applied effectively in series with the signal. The time constant 
RC is chosen large with respect to the period of the signal repetition rate 
and thus maintains this additive bias for the remainder of the signal cycle. 
Since the effective time constant during the diode conducting period is 
extremely small valued, limited only by the conductive internal resistance 
of the diode itself, an extremely small negative excursion time will suffice to 
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restore the grid circuit to reference zero potential. This particular d-c 
restorer circuit form is referred to as a positive restorer, indicative of the 
final polarity of the restored signal. A simple reversal of the diode elements 
will reverse the polarity of the restored signal. 

Figure 34b illustrates the usual radar circuit form of a negative d-c 
estorer where the diode is eliminated, the normal vacuum tube grid circuit 
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Fig. 34. — Typical D-c Restorer Circuit Forms. Simplified schematic diagrams. 



serving here to fulfill this function. Here again an impressed signal form 
having an average value of zero is assumed, and a negative polarity re- 
stored signal is desired at the grid of the amplifier tube. During periods 
of positive excursions of the input signal the vacuum tube grid will conduct 
since it is normally operated at zero bias. The series condenser C is ac- 
cordingly charged relative to the positive signal peak amplitude and this 
value of potential will be additively combined with the signal during nega- 
tive excursions in a similar manner to the diode restorer action just de- 
scribed. 

A third form of d-c restoration is known as a clamper or synchronized 
d-c restorer and is illustrated in Fig. 34c. Here a diode bridge circuit 
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is arranged to be normally nonconductive except during the application of 
a clamping pulse bias introduced as shown. During this clamping interval, 
the grid circuit point of the condenser is re-established to reference poten- 
tial by the low impedance of the conducting diode circuit. At the time of 
decay of the clamping pulse wave forms the operation of this circuit follows 
the principles of the d-c restorer types just described. This circuit has 
been employed less extensively than the preceding simple d-c restorer 
methods because of the relatively more complex arrangement, but has an 
advantage in that the impressed signal may be clamped to a convenient 
reference potential at any particular repetitive point in the cycle. 

2.34 Typical Radar Receiver Video Amplifier Circuits 

The radar receiver video amplifier signal output is required to modulate 
the indicator by either position or intensity change. In the A type of 
display the video signal is usually impressed upon a pair of vertical de- 
flection plates of an electrostatic type of cathode-ray tube to present the 
amplitude characteristics of the signal while the range to the target is 
displayed as the horizontal coordinate. The maximum video signal am- 
plitude required here to deflect the beam satisfactorily is usually of the order 
of several hundreds of volts. In the case of B, C, and PPI forms of display 
the radar video signal is required to intensity modulate the cathode-ray 
tube. Here a maximum video signal amplitude of 50 volts is commonly re- 
quired by the radar indicator." 

In certain military radar system applications it is desirable to locate the 
indicator component at some distance from the main radar receiver and 
video amplifier assemblies. This requirement is commonly encountered 
in large naval vessel installations where the main radar components may be 
located below deck and the indicator mounted as a part of the gun pointing 
mechanism. In such cases video amplifier designs employing video trans- 
former coupling between the output amplifier stage and a coaxial trans- 
mission line and between the line and the indicator circuit proper, have 
proven to be entirely successful. 

The development of video pulse transformers for radar purposes repre- 
sents a considerable advance in the art of communication transformer de- 
sign. The greatly improved wide frequency band performance of these 
components is the result of the employment of improved magnetic core 
materials such as supermalloy having relative permeabilities upward of four 
times that available in the permalloy materials, improved techniques of 
coil winding distribution, and the use of additional network elements in the 
final configuration. Figure 35 illustrates the constructional features of 
such a video pulse output transformer which has a band width extending 
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from 100 cycles to 7 megacycles as employed in a naval fire-control radar 
equipment. 




Fig. 35. — Typical designs of radar receiver video frequency transformers. 
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Fig. 36. — Simplified schematic diagram of video amplifiers as employed in AN/APQ-7 
airborne radar equipment. 

Figure 36 illustrates a video amplifier circuit arrangement as developed 
for the AN/APQ-7 radar bombing equipment during the latter period of 
the past war. This system employed two GPI type indicators, one of 
which was located at a remote station of the aircraft and included also an 
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A-type indicator which was employed for certain conveniences in operation 
and maintenance of the equipment. This circuit design includes a main 
video amplifier for the ground plan indication and a separate amplifier for 
the A-type display, both of which are of the negative feedback type. The 
limiting amplifier is included as the second stage with negative d-c restora- 
tion included in this grid circuit and diode d-c restoration at the grid of the 
last stage. To provide sufficient output signal level with the wide video 
band width required it was necessary to employ two 6AG7 tubes in parallel 
in the final output stage of the main video amplifier. The local indicator is 
fed from the plate circuit while the remote navigator's display is fed by 
means of a low impedance coaxial transmission line. The video gain control 
is essentially an adjustment of the video amplitude limiting level, the actual 
signal amplitude being previously adjusted by the IF amplifier gain control. 
The over-all gain of the main video amplifier is approximately 32 db with a 
band width of approximately 5 mc. The over-all gain of the A-type display 
amplifier circuit is approximately 43 db with a useful band width of ap- 
proximately 6 mc. 

2.4 The Radar Indicator 

The radar indicator assumes a position of extreme importance in the 
components of the radar receiver. Here with a few specific exceptions all 
of the electrical information which has been obtained regarding the area 
under observation is finally correlated and converted into an optical display 
for use by the radar observer. In the discussion thus far, only the received 
radar microwave signal properly selected, amplified, and finally converted 
to the video form has been discussed in detail. The preparation of the addi- 
tional coordinate and reference data necessary to properly present the com- 
plete scene is reviewed in the following sections. In this section the charac- 
teristics of the presentation will be reviewed from the standpoint of the 
requirements imposed by the various radar applications. The electro- 
optical characteristics of the display device are also discussed. 

2.41 Classification of Radar Display Types 

The number and types of display methods which have been developed for 
military radar systems during World War II are the result of the varied 
specific applications to which radar has been subjected. These types of 
displays are in general related directly to the functional classification of 
military radar systems previously discussed. It is of interest to consider 
at this time the various types of indicators which have become common in 
the radar field. Figure 37 illustrates the basic characteristics of the most 
important types of radar presentations. 

Basically the three coordinates which determine the position of the target 
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in space and which are determinable from a single radar observation loca- 
tion are the range to the target, azimuth angle with respect to a chosen 
direction axis, and elevation angle as measured from a convenient reference 
plane. The classification of radar displays shown in Fig. 37 results from the 
fact that the only available and convenient display device has the property 
of resolving only two such coordinates simultaneously. The radar display 
problem is then one of selecting the most important two coordinates for the 
specific radar application and choosing the presentation means accordingly. 
For example, if the radar system under consideration is to be employed on a 
surface naval vessel against similar naval vessel targets, it follows that 
elevation angle radar information is redundant and, therefore, type-A or B 
display patterns are quite satisfactory and are in fact the typical presenta- 
tions which have been universally employed for surface target fire-control 
applications. The basic A-type indicator presents range-only data, but 
for fire-control purposes a modified form is often employed with lobe switch- 
ing by which accurate training of the radar antenna is possible and bearing 
information is thus secondarily obtained. 

For airborne radar search and bombing applications the presentation is 
concerned with targets, one coordinate of which is known by other than radar 
means. Since all targets of interest are in this case located on the ground 
plane, the relative location of which is determinable by reference to the al- 
timeter and a gyroscopic artificial horizon within the aircraft, it is sufficient 
here to present all information as a 2-dimensional map. The presence of 
targets and to some extent their composition is observable as an intensity 
modulation of the field of view. For this type of application the PPI or its 
more exact successor the GP1 form of presentation is extensively employed. 

For military radar applications where fire-control information is desired 
pertaining to targets which are not confined to a definite plane all three de- 
terminable coordinates must be known and, therefore, presented to the radar 
observer. In certain instances this requirement has been fulfilled by the 
use of multiple displays each presenting the information regarding one or 
two coordinates and in cases where gun training is accomplished through 
separate operators for each coordinate axis, range, bearing, and elevation, 
this method has proven entirely satisfactory. During World War II the 
fast moving and highly maneuverable aircraft target has required a more 
direct and, therefore, faster system of gun pointing. In these cases, the 
operator has been provided with a display which electronically duplicates a 
sighting telescope and which merely requires the operator to position the 
gun (and associated radar antenna) until the target image is centered. To 
introduce a measure of range to the target the size or form of the target 
"spot" is often varied in accordance with the range data. For defense 
against low-level aircraft attacks this admittedly crude range information 
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has proven quite satisfactory. Similar presentation methods developed 
for airborne aircraft interception radar equipments have employed, in 
addition, separate instruments to notify the pilot or gunner at the time when 
the range to the target was proper for firing of the guns. Another variation 
in method of obtaining accurate range information simultaneous with the 
elevation and azimuth data is through the employment of automatic range 
tracking. In this case after identification and selection of the target has 
been made and the initial coincidence accomplished, the operator is then free 
to track in elevation and azimuth with the automatic tracking device con- 
tinuing to furnish the changing range data to the gun. 

Figure 37 indicates the fact that included in these display forms are varia- 
tions which are a function of the deflection coordinates peculiar to the display 
device itself. The factors which determine this choice are related to the 
required form of the presentation from the standpoint of military use, the 
characteristics of the particular display device available and the mechanical 
form of the antenna scanning system. 

It should be observed that a number of minor variations in the exact 
presentation is available to the radar system designer within the general 
classification indicated in Fig. 37. As mentioned previously, the A-type 
display may be modified to indicate azimuthal pointing errors. In this case, 
sometimes referred to as a K-type display, the radar system employs an 
antenna capable of producing two beams of radiation, available one at a 
time, with azimuthal bearings differing by the order of the beam width. 
Two signals, each of which is associated with one position of the radiated 
beam, are displayed in the basic A-type form with one slightly displaced in 
the range coordinate with respect to the other. By "steering" the antenna 
until the amplitude response of the desired target appears equal for each 
image, the target bearing is determined as the direction line bisecting the 
two antenna lobes. 

It is often desirable to limit the display to a small area or to a small se- 
lected range interval to enable magnification of this particular portion of the 
scene. The accurate measurement of range for fire-control purposes can 
be accomplished on a conveniently small indicator screen by expanding only 
a selected small range interval of interest. The loss of information at other 
ranges under these conditions is unimportant. In certain airborne appli- 
cations it is desirable to present large area information for navigational 
purposes, but at the time of starting the radar bombing attack the area of 
interest is limited to a narrow sector extending outward from the plane in 
the direction of the attack. Here a selected sector may be expanded with a 
probable increase in accuracy of individual target identification and final 
bombing accuracy. 

In the "range only" classification of Fig. 37 the J-type of display has an 
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advantage of expansion of the range information by a factor of approxi- 
mately three times for the same size screen. The A and J types are em- 
ployed extensively in fire-control radar equipments. 

In the range versus azimuth class of radar presentations the B scan his- 
torically preceded the other forms shown. Its application was found 
originally in airborne radar systems for interception purposes. It was com- 
monly employed in conjunction with an auxiliary C-type indicator for 
target elevation determination. The B type of display suffers from a dis- 
tortion due to the reproduction of polar coordinate information directly 
on a rectangular coordinate field. This particular form of distortion is not 
of major importance where only a few isolated aircraft targets are to be dis- 
played, and in the case of guiding an aircraft to intercept the target the 
relative expansion of the azimuth scale at short ranges may be a slight 
advantage. When the B type of presentation is employed for navigation 
and observation of ground features this inherent field distortion becomes 
very objectionable when map comparisons of the radar image are required. 
The B type of display has also been employed extensively on narrow 
sector rapid scanning naval fire-control radar systems. 

The plan position indicator (PPI) type of display was developed to over- 
come the objectionable distortion of the B-type display and to afford a 
method of presenting a 360° azimuthal pattern when rotating antenna struc- 
tures were employed. This form of display essentially replaced the B-type 
display for aircraft search radar systems and has been since universally 
employed for ground and naval vessel search systems. Here the linear range 
trace on the screen is directed outward from the center of the tube, its 
radial position being synchronized with the instantaneous bearing of the 
scanning antenna. The map presentation is exact for ground and naval 
vessel radar locations and for low-flying aircraft radar systems the dis- 
tortion is negligible, since the slant radar range to the target at low altitudes 
is essentially comparable to the range as measured on the ground plane. As 
the altitude of a radar equipped aircraft is increased, the map distortion of 
the simple form of PPI display also becomes quite objectionable and several 
modified forms of this display can be employed to improve the presentation. 
One of these involves delaying the time of start of the linear range sweep by 
a time interval corresponding to the propagation time of the radar pulse to 
the ground and return. In this manner a simple but desirable improve- 
ment in display is realized. As the military requirements during the later 
period of the past war became more exacting with the emphasis on high- 
altitude radar bombing, the remaining distortion of the delayed PPI presen- 
tation was found undesirable, and the necessity for accurate map display 
directly beneath the aircraft resulted in the development of the ground plan 
indicator (GPI). In this type of display the range trace is deflected as a 
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nonlinear function of time; its exact time function being dependent on the 
altitude of the aircraft. The altitude information is obtained from the air- 
craft altimeter and may be manually or automatically introduced into the 
radar receiver to produce the proper form of sweep function. These modi- 
fied forms of PPI presentation were employed extensively in the large bomb- 
ing through overcast radar program which attained a status of major 
importance toward the later portion of World War II. 

The elevation versus azimuth classification of display forms is essentially 
restricted to fire-control and aircraft interception radar applications. As 
previously noted, the C-type display was "developed early in the military 
radar program and has somewhat the same characteristics as the B scan in 
terms of the distortion which results in the display of polar coordinate data 
in a rectangular coordinate field without proper mathematical conversion. 
In the case of aircraft interception radar applications, this type of display 
is quite satisfactory and has been employed quite extensively for this 
purpose. 

The moving spot (MS) form of radar display is usually associated with 
a radar system in which conical scanning or lobing is employed. Here the 
source of radiation of the antenna is arranged and rotated so as to provide 
a beam whose path describes a cone. If the target is located on the axis of 
this cone of radiation the signal response will be essentially constant for all 
instantaneous positions of the beam. If the target is positioned to one side 
of the cone's axis the received radar signal will be modulated at the fre- 
quency of the conical scanning process and the degree of modulation will be 
related to the angle between the conical axis and the bearing toward the 
target. This modulation information is utilized within the radar receiver 
to position an optical image on the face of the indicator screen in accordance 
with the direction of the target. In radar systems employing this form of 
indication the observer positions his radar antenna, and accordingly the 
associated weapon, to center the target image on the indicator. Mechanical 
or electronic cross hairs are employed as the reference axis. A measure of 
range to target information is often introduced into this form of display 
by assigning an arbitrary but distinctive size or shape to the target spot 
which can be varied in accordance with the range to the target being ob- 
served. 

2.42 The Cathode-Ray Tube 

The cathode-ray tube is without serious competition as the ideal radar 
indicator, primarily because of its unique high-frequency electro-optical 
response characteristic. Since the radar presentation requirements are not 
unlike those encountered in television practice, it is natural that the cathode- 
ray tube development for radar purposes should have progressed along simi. 
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lar lines originally established by prewar television. Two general types of 
cathode-ray tubes have been commonly employed in the military radar 
program, electrostatic and magnetic, these classifications being indicative of 
the deflection and focussing method employed. 

Electrostatic Deflection Type 

A typical form of electrostatic-type of cathode-ray tube suitable for radar 
indicator purposes is shown in Fig. 38. In this tube type the electrons 
emitted from an indirectly heated cathode surface are initially formed into 
a beam by passage through an aperture which serves as a beam density or 
ultimate brightness control element. Following this, the electrons proceed 
through another aperture which is maintained at a positive potential with 
respect to the cathode. This first anode together with the following second 
anode forms an electron lens system which focuses the beam on the fluores- 
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Fig. 38. — Schematic diagram of an electrostatic type cathode-ray tube. 

cent screen surface. The relative potentials of these elements serve to 
enable focussing of the beam by electrical means. The deflection of the 
beam for scanning purposes is here accomplished by the introduction of an 
electric field formed by the application of potential across the deflection 
plates shown. Two pairs of plates enable separate horizontal and vertical 
deflection to be employed. The plates are formed as shown to enable ob- 
taining the maximum deflection per unit of electrical potential applied with- 
out interference with the beam under large deflection conditions. The 
high- voltage auxiliary anode is provided in certain tube types to further 
accelerate the beam after deflection without an appreciable reduction of 
deflection sensitivity and results in an image of increased brightness. 

To realize optimum performance of an electrostatic-type cathode-ray 
tube several precautions must be observed. Serious defocussing of the beam 
as it is deflected will result if the average potential of the pair of deflection, 
plates is allowed to vary substantially from the value present at the second 
anode. To minimize this effect, balanced sweep deflection amplifiers are 
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commonly employed in radar receivers employing electrostatic deflection, 
and the second anode is maintained at the average potential of these de- 
flection plates. Astigmatism, the selective focussing in one direction on the 
screen at the expense of focus in the other, results from the mechanical 
limitations whereby the electric fields of the two pairs of deflection plates 
cannot be made effective at the same point within the tube. Some im- 
provement can be realized in this respect by operating the pairs of deflecting 
plates at slightly different average potentials. 

The limitation in deflection response at high frequencies is a function 
of the total deflection circuit capacitance. To eliminate the blocking con- 
densers with their considerable parasitic capacitance to ground it is common 
radar indicator practice to operate the deflection plates directly from the 
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Fig. 39.— Schematic diagram of a magnetic type cathode-ray tube. 

plates of the sweep amplifier tubes and then accordingly operate the cathode 
of the cathode-ray tube at a high negative potential. 

Magnetic Deflection Type 

A typical form of a magnetic-type cathode-ray tube is illustrated in Fig. 
39. In this tube the electron gun structure comprises a heater, cathode, 
control grid, and second or screen grid which, together with the second 
anode, usually formed by an aquadag coating within the glass envelope and 
which is maintained at a high positive potential, roughly delineates the 
beam. The second grid in this case serves to shield the control grid from 
the high potential second anode and results in an improved control grid 
characteristic. The beam of electrons is focussed through the use of a mag- 
netic field located as shown in Fig. 39, and produced by direct current flow 
through a coil or by a permanent magnet structure. The centering of the 
beam upon the screen under no deflection conditions is accomplished by the 
use of a distorting field commonly introduced as a part of the deflection coil 
and focussing assembly. The deflection of the beam for a rectangular coor- 
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dinate display system is here accomplished by magnetic deflection fields 
perpendicularly disposed and produced by a pair of deflection coils located 
at the junction of the neck and bulb as shown. In the polar form of dis- 
play (PPI) usually only one deflection coil is employed for the production 
of the radial sweep, the angular deflection being produced by rotation of this 
coil about the neck of the cathode-ray tube in synchronism with the rotation 
of the antenna. 

It is of interest to compare the relative characteristics of the electrostatic 
and the magnetic-type of cathode-ray tubes from the standpoint of their 
application to radar indicators. The electrostatic-type of cathode-ray 
tube has a distinct advantage of lighter total weight for the tube itself and 
the associated deflection circuits required, which in the case of airborne 
radar equipment design is an important factor in its favor. In general, it 
is desirable to present a large radar display field. For the larger diameter 
cathode-ray tubes the magnetic-type tube has an advantage of shorter 
over-all length which has proven an important equipment design factor for 
airborne radar equipment where the available operating space is severely 
limited. The magnetic-type cathode-ray tube requires weighty focussing 
and deflecting assemblies and large power supplies to furnish the heavy 
deflection current required, but because of the higher anode voltages which 
may be employed here, the screen brightness achieved is considerably greater 
than that available in the usual electrostatic type of cathode-ray tube. If 
the anode potential of an electrostatic type of cathode-ray tube is increased 
and hence the screen brightness, the deflection sensitivity is seriously im- 
paired and a difficult deflection amplifier design results. From a deflection 
point of view, it is possible to achieve somewhat better performance in re- 
producing extremely high-speed sweeps by employing an electrostatic-type 
of indicator which has somewhat less serious parasitic elements which act 
to limit the high-frequency response. The final choice of type of cathode- 
ray tube for the radar indicator is dependent on the specific detailed con- 
siderations of the system in hand. No general and fast rules governing this 
decision are evident. 

Characteristics of the Fluorescent Screen 

The fluorescent screen of the cathode-ray tube upon which the final radar 
information is converted into the desired visual form consists of a deposit 
of certain materials which exhibits fluorescence when bombarded with a 
high-velocity electron stream. Phosphorescence, the continued emission 
of visible light after bombardment has ceased, is also a property of all of 
these screen materials. These screen materials, referred to as "phosphors", 
have characteristics dependent on their physical form as well as their chem- 
ical composition. 
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Two general types of phosphors have been commonly employed in military 
radar systems classified according to their phosphorescence characteristics. 
The medium persistence class of phosphors exhibit decay times of the order 
of milliseconds and are composed of a single layer of Willemite (zinc ortho- 
silicate). This type of screen exhibits a green luminous response and is 
employed extensively in reproducing high-speed wave forms such as encoun- 
tered in high-speed scanning systems, and for general A-type presentation 
purposes. The visible light output decays to the order of 1% of its initial 
value in approximately 50 milliseconds after electron excitation ceases. 
For photographic purposes other phosphor compositions of the same per- 
sistence class whose useful light output has a higher actinic value are com- 
monly employed. 

The long-persistence phosphors are composed of two layers of screen mate- 
rial which combination exhibits sustained phosphorescence, the visible light 
output decaying very slowly after cessation of bombardment. The double 
layer or cascade screen consists of an innermost layer subject to the direct 
influence of the electron stream which is composed of a silver activated zinc 
sulphide and a second layer adjacent to the glass envelope which consists of 
copper activated zinc cadmium sulphide. The first-named material 
fluoresces with an extremely brilliant blue light under bombardment and 
exhibits a rather rapid decay characteristic. The second layer is in turn 
excited by the blue radiation from the first layer and responds with a yellow 
visible emission which persists for a matter of several seconds after excita- 
tion ceases. The initial blue flash is appreciably absorbed by the second 
phosphor layer, but usually further optical attenuation is required to prevent 
eyestrain and degradation of night vision of the observer. This is commonly 
provided by the use of an amber optical filter placed over the screen face. 
The long-persistence characteristics available in this type of tube have 
proven invaluable in military radar systems which feature slow antenna 
scanning. In many of these systems the time between successive scans of 
the target may be of the order of a second or more and only through the use 
of the cascade-type long-persistence tube can the image be retained for this 
period of nonexcitation. Another property of the long persistence class of 
cathode-ray tube screens which is of advantage for radar purposes is an 
accumulative increase in brightness with successive scans of the target. 
Since the target image is usually repetitive as regards position on the screen, 
the image brightness will increase with successive scans while because of the 
random character of noise no such increase in noise image will result, and a 
small but evident signal-to-noise improvement obtains. The long-persist- 
ence type of screen characteristic is employed in the majority of military 
radar indicators of the B, C, and PPI- types. 

Another general characteristic of the cathode-ray tube screen which influ-. 
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ences the over-all system performance is the range of useful brightness avail- 
able. The extreme variation in the radar response of targets in an area 
under observation has been discussed previously. The inability of the 
cathode-ray tube screen to convert this extreme range of electrical signals to 
a correspondingly large optical brightness range has been a restriction on 
the performance of military radar systems. Isolated measurements of the 
useful brightness range available in a cascade screen cathode-ray tube indi- 




Fig. 40. — Typical magnetic focus and deflection coil designs as developed for military 
radar purposes. 

cates that it is of the order of 10 to 1. The development of the logarithmic 
video amplifier and "duo-tone" is an attempt to improve this situation. 
In general this limited useful brightness range of the radar indicator results 
in a critical adjustment of the operating region of the indicator tube. In a 
practical military radar system operating under wartime conditions the 
inclusion of such a critical adjustment always effectively results in a reduc- 
tion of performance from the optimum achieved in the laboratory. 

2.43 Typical Radar Indicator Component Designs 

Figure 40 illustrates a few typical component designs of magnetic deflec- 
tion and focus coil structures developed for specific military radar apDlica- 
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tions during the past war. The deflection coils illustrated include both air 
and permalloy core structures as used in rectangular and polar types of 
displays. Where the radar system involves extremely short time interval 
sweep wave forms, the maximum inductance which can be employed in the 
deflection coil is limited by the power supply voltages available, and in these 
indicator designs the air-core type of deflecting coil is usually employed. 
Where the sweep wave form is relatively slower the permalloy core types 
have been extensively employed with an effective improvement in deflection 
sensitivity. For the PPI form of display a toroidal coil structure has been 
devised which contains two distributed windings connected in an opposing 
sense. The internal leakage flux of such a structure is essentially uniform 
and, therefore, satisfactory for magnetic cathode-ray deflection purposes. 
The usual PPI type coil structure is arranged to mount within a large ring 
ball bearing to enable rotation around the neck of the tube with provisions 
being included on the coil housing for slip rings to afford connection to the 
deflection coil proper. 

With the increased emphasis on extremely accurate radar presentations, 
which developed during the later war years especially in connection with the 
radar bombing program, the design and manufacturing tolerances allowable 
in connection with the large scale production of these magnetic deflection 
coils were severely reduced. Figure 41 illustrates the constructional details 
of a deflection coil as employed in the AN/APQ-7 radar bombing equipment. 
The presentation in this instance is of the GPI type employing rectangular 
coordinate deflection and extremely fast sweep wave forms. This deflection 
coil structure employs accurately formed open air-core windings which are 
initially adjusted and cemented to concentric phenol plastic cylinder forms. 
This design features a vernier rotation adjustment of the horizontal and 
vertical pairs of coil assemblies to meet a manufacturing scanning require- 
ment of 90° ± 0.5°. 

Two examples of focussing and centering structures for magnetic-type 
cathode-ray tube radar indicators are included in Figure 40. The focus coil 
consists of a simple winding located axially about the neck of the tube with a 
shielding magnetic stuicture containing an annular air-gap which restricts 
the external field to a region including the cathode-ray tube electron beam. 
This structure is designed to produce a uniform magnetic field distribution 
in the complete area of the beam to avoid defocussing effects. In certain 
early-design airborne radar equipment applications where the equipment 
was subjected to extreme variations in ambient temperature over short 
periods of operation some difficulty in maintaining optimum focus was 
experienced. This defocussing, due to the change in coil resistance with 
ambient temperature and in part to dissipation in the winding proper, is 
minimized in the designs shown by the introduction of a varistor element 
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mounted in close proximity to the winding whose resistance temperature 
characteristic was chosen to compensate for similar characteristics of the 
winding proper. The beam centering structure included in the designs 
shown employs two pairs of coils arranged upon a closed magnetic core 
structure adjacent to the focus winding. The perpendicularly disposed 
magnetic fields are produced by direct current in the same fashion as dis- 
cussed in connection with the deflection coil assembly. 

Figure 42 illustrates the operation of a permanent magnet type of focus- 
sing and centering structure developed during the war and which was em- 




Fig. 41. — Constructional details — deflection coil design for AN/APQ-7 radar bombing 
equipment. 

ployed extensively in airborne radar applications. Here a permanent ring 
magnet is equipped with a variable internal mechanical magnetic shunt 
whereby the focussing magnet field can be varied as shown. The centering 
of the beam is accomplished by means of a centering ring located as shown 
capable of being mechanically controlled along two perpendicular paths. 
Mechanical linkage arrangements provide location of the focus and center- 
ing adjustment controls on the indicator panel convenient to the operator. 
The permanent magnet type structure has the advantage of maintenance of 
proper focus and centering under conditions of extreme variations in ambient 
temperature. Similar permanent magnetic type structures have been em- 
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ployed to permanently deflect the beam for off-center displays such as the 
B-type and certain modified sector scanning PPI forms. Here the ampli- 
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Fig. 42— Operational diagram of permanent magnet type of focussing and centering 
structure for radar indicator. 

tude of deflection required is approximately equal to the radius of the screen 
and this precludes the use of the usual beam centering structure located near 
the gun structure portion of the neck of the tube. To prevent physical 
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interference by the neck of the tube with the deflected beam such off-center 
display deflecting structures are mounted close to the junction of the neck 
and bulb of the cathode-ray tube. 

As indicated previously the blue-flash characteristic of the excitation of 
the first layer of the cascade-type screen is usually reduced in intensity 
through the use of an optical filter placed between the screen of the cathode- 
ray tube and the observer. These optical screens are usually constructed of 
an amber-colored transparent plastic whose particular optical transmission 
characteristics are chosen in accordance with the particular phosphor and 
speed of scanning employed. It is common practice to engrave general 
range and direction reference lines on such screens, and in many cases 
variable edge lighting of these engraved screens is employed to enhance the 
display. 

In certain applications of radar, namely, airborne reconnaissance and 
bombing operations, it is desirable to obtain a photographic record of the 
display to be used for training, briefing, or damage assessment purposes. It 
is customary in these cases to employ a stop-frame moving picture camera 
attached to the indicator and exposed periodically as desired. Figure 43 
indicates the design of a radar indicator viewing attachment which was 
employed in connection with an airborne bombing radar equipment toward 
the end of the past war. In this design a partially silvered mirror'is located 
at a 45° angle with respect to the axis of the cathode-ray tube. An illumi- 
nated image of an adjustable course marker located below the mirror is 
observed superimposed upon the radar presentation with negligible parallax 
distortion. A portion of the light of the radar image is also reflected from 
the surface of the partially silvered mirror, and together with the direct 
image of the course marker is available for photographic recording by the 
camera mounted as shown. Automatic exposure at any preselected time 
interval is provided, the exact" exposure time being controlled by impulses 
derived from the azimuthal scanning mechanism of the radar antenna. The 
photographic recording of radar displays has become a matter of prime im- 
portance in the modern military operations and has added another consid- 
eration for the military radar indicator designer. 

Figure 44 indicates an equipment arrangement of a PPI indicator as 
employed in the AN/APQ-13 radar bombing system. In this system the 
indicator is designed for convenient overhead mounting in the restricted 
radar operating space available in modern bombing aircraft. The deflection 
coil in this equipment is rotated about the neck of the 5" diameter long- 
persistence cathode-ray tube by a geared selsyn motor energized from a 
similar selsyn unit mechanically linked to the rotating radar antenna. Per- 
manent magnet focussing and centering is employed in this particular indi- 
cator. Figure 45 illustrates a somewhat similar packaging arrangement for 
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Fig. 43. — Mechanical arrangement of a radar indicator viewing and photographic 
attachment for AN/APQ-7 radar bombing equipment. 
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Fig. 44.— Indicator design for AN/APQ-13 radar bombing equipment. 
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an airborne radar low-altitude bombing equipment as employed extensively 
during the past war. Here the display employed is of the B variety utilizing 
a 5" long-persistence cathode-ray tube. The focussing and centering 
magnetic fields here are produced by coils located as shown. The azimuth 
sweep voltage is obtained by means of a potentiometer mechanically geared 
to the sector scanning antenna. The permanent off axis deflection of the 
zero range line of the B display is here obtained by the use of a permanent 
magnet yoke mounted at the junction of the neck and bulb of the cathode- 
ray tube. 

Figure 46 illustrates a typical form of an A-type indicator as developed 
for the SH Naval and Mark 16 mobile fire-control radar equipments. This 
unit includes provision for receiver tuning and video limiting adjustment 
convenient to the observer. The SH and Mark 16 radar systems employ 
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Fig. 45. — Mechanical design of AN/APQ-5 type B radar indicator. 

both lobing of the antenna for precise azimuth bearing determination and 
also continuous rotation of the antenna for general search purposes. The 
indicator shown in Fig. 46 is employed when the lobing system is in opera- 
tion and features a precision range sweep as well as the full range display. 
The equipment design here reflects the severe mechanical requirements 
which must be satisfied for electronic equipment which is to be employed on 
naval vessels or for trailer mobile ground service. 

2.5 The Radar Sweep Circuit 
2.51 Function 

The sweep circuit components of a radar receiver are required to generate 
the specific voltage or current wave forms necessary to properly display the 
radar-received information in the desired form. These wave forms must 
also be actuated by or related to the various coordinate or computed types 
of data furnished to the radar receiver. The actual detailed configuration 
of the circuit employed for this purpose is dependent on the form of the input 
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Fig. 46.— A-type indicator design for SH Naval radar equipment. 
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information available and upon the indicator deflection methods to be 
employed. 

The sweep deflection problems may be separated into two quite distinct 
categories dependent on the speeds of operation involved. The slow-speed 
deflection systems originate with the required deflection of the beam of the 
indicator cathode-ray tube in accordance with the instantaneous position 
of the axis of propagation of the antenna structure. Since the antenna 
structures with which we are concerned at radar frequencies are of compara- 
tively large dimensions, their motional velocities are extremely limited and 
accordingly the electrical information describing these slow mechanical 
changes contains only low-frequency components. The deflection problem 
associated with this information, in general, offers little difficulty to the radar 
receiver designer. Commonly employed methods of slow-speed sweep 
deflection include the use of potentiometers, selsyn generators or variable 
capacitors mechanically linked to the deflection axes of the antenna struc- 
ture and associated circuits of relatively simple form whereby the electrical 
changes in the characteristics of these devices are more or less directly 
impressed upon the proper deflection axis of the indicator. In the case of 
the PPI form of display, it is quite common to synchronize the rotation of 
the deflection coil about the axis of the cathode-ray tube with the azimuth 
bearing of the antenna through the use of selsyn motors or servo mechanisms. 
In general, slow-speed sweep deflection problems are associated with bearing 
coordinate data only. 

The determination of range to the target, on the other hand, requires high- 
speed scanning whereby the time interval encompassing the time of propaga- 
tion and return of the radar pulse over the selected range interval must be 
completely displayed upon the indicator screen. The total time interval 
available to deflect the beam for range measurement purposes may extend 
from 2500 microseconds which represents a range measurement of approxi- 
mately 240 miles down to perhaps 6 microseconds representing an expanded 
interval of approximately 1000 yards useful in certain fire-control applica- 
tions. Here, with extremely small times available for deflection purposes, 
the radar receiver designer is faced with difficult circuit design problems 
where the usual negligible parasitic circuit elements now severely restrict 
the circuit performance. In the following discussion, therefore, emphasis 
will be placed upon the design factors involved in the development of high- 
speed radar sweep wave forms. 

The radar sweep circuit can be considered as providing the following 
functions: 

1. Generation of time wave forms. 

2. Generation of display sweep wave forms. 

3. Amplification of sweep wave forms. 
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2.52 The Timing Wave Form Generator 

The generation of the timing wave forms consists of the preparation of 
specific voltage wave forms for use in the following sweep generator in ac- 
cordance with timing information available at the radar receiver input. 
These timing data may consist of a pulse coincident or related to the out- 
going radar microwave pulse serving as a reference for range display or, in 
the case of direction sweeps, may consist of signals related to the instanta- 
neous position of the antenna. 

The basic wave forms employed in this connection consist of rectangular 
pulses where the duration of the pulse may be controlled to serve as a 
measure of time, extremely short-duration pulses useful as time markers, and 
various combinations of these. In general, these wave forms are character- 
ized by their nonsinusoidal form. The generation of these nonsinusoidal 
wave forms is accomplished by a number of specialized electronic circuits, 
which though apparently quite complex can be resolved generally into a 
combination of relatively simple basic circuit forms. 

The Multivibrator 

The "trigger" or multivibrator circuit was developed nearly thirty years 
ago and provides the fundamental circuits for the sweep circuit designer. 
Figure 47a illustrates a simple historical form of a trigger circuit which is 
of the Eccles- Jordan type. The essential current-voltage relationship which 
characterizes this circuit and all circuits employed for this purpose is a nega- 
tive resistance characteristic which exists over a limited portion of the 
operating range of the device. In the case of the electronic circuit shown in 
Fig. 47a this negative-resistance characteristic is bounded by two stable 
limiting conditions. Referring to the trigger circuit of Fig. 47a, the chrono- 
logical order of operation can be described as follows: Assume V\ is con- 
ducting a somewhat larger current than V z so that the potential at the plate 
of Vi is lower than the corresponding point at V 2 due to the voltage drop 
across the plate resistor R lm This condition further implies that the grid 
potential of V 2 as determined by the connection from the plate of Vi through 
the coupling resistor R 3 is lower than that at the grid of Vi. Similarly the 
grid potential of Vi is at a higher positive potential, due to its connection 
with the plate of V 2 . The action is cumulative and results in stablizing the 
circuit under the condition where the plate current of V 2 is entirely cut off 
and the voltage drop across Vi is less than the grid bias voltage E e . 

, If now a voltage is impressed across the input terminals of either a positive 
or negative form, the circuit will be driven away from this stable equilibrium 
condition as follows. Assume now that a large positive pulse be applied 
to the circuit shown. The tube V\ which is operating in a conducting con- 



THE RADAR RECEIVER 



777 



dition will not be affected but the grid of Vi will be raised in potential by the 
amplitude of the enabling pulse. The plate current flow in Vi under this 
influence will reduce the plate potential of Vi and accordingly will tend to 
decrease the positive bias of V\ . The accompanying plate current reduction 
of Vi will increase its plate potential and this will result in increasing the 
grid potential of Vi through the coupling resistance R 3 . Again the cumula- 
tive effect will be to abruptly cut off the plate current of V\ and operate Vi . 
Thus an abrupt switching of this electronic circuit results when a single 
enabling pulse is impressed upon it. The wave form across one of the plate 




Fig. 47. — Basic Multivibrator Circuit Forms. 

resistances is of a rectangular form whose duration is determined by the time 
interval which exists between the two applied excitation pulses. 

A basic modification of the fundamental trigger circuit which has been 
found most useful in radar sweep circuit is given in Fig. 47b. Here the 
original circuit form has been modified so as to permit a complete cycle of 
operation upon excitation by a single actuating pulse. The duration of the 
cycle is here internally controlled by the arrangement and value of the 
circuit elements. This form of multivibrator is characterized by having one 
stable equilibrium condition and is known as a "one shot" type. 

The chronological order of operation of this circuit type may be considered 
as follows: V\ is normally conducting heavily because of the large positive 
grid potential impressed upon it by the plate supply battery and the connec- 
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tion through R% . The plate current of V\ flowing through the common 
cathode resistor R$ results in a large effective bias applied to V 2 which con- 
tinues to maintain Vi in a cut-off condition. If a negative pulse of relatively 
short duration is impressed upon the grid of V\ this tube will be driven to- 
ward cut-off with an attendant increase in the plate potential of V\ . This 
positive increase in voltage will be impressed upon the grid of Vi causing Vi 
to conduct plate current. The resulting decrease in the potential at the 
plate of Vz further decreases the grid potential of V\ through the coupling 
condenser C% . This action progresses until Vi is driven beyond plate cur- 
rent cut-off and Vi is conducting. This condition remains as long as the 
discharge of the condenser Ci through R3 will maintain the grid of V\ at a 
net negative potential. When the condenser C 2 has discharged sufficiently 
to allow the grid of V\ to increase above the cut-off value, V\ will again 
conduct and the resultant action will reduce and eventually cut off the plate 
current of Vi . The duration of the cycle of operation is here shown to be 
dependent on the time constant of the circuit F3 Ci and may accordingly 
be controlled as desired by proper selection of these elements. The return 
of the grid of Vj to a very high positive voltage point in the circuit has a 
definite advantage which may be considered as follows: A variation of the 
grid voltage of Vi required to cut off the plate current will influence the time 
duration of the cycle of operation. Here the time rate of change of the 
grid voltage has been made extremely large by the choice of the return to the 
high-voltage supply. Thus, an order of magnitude increase in the duration 
stability of the circuit is achieved. 

A further modification of the trigger circuit furnishes the third general 
type of multivibrator employed in the radar receiver field. This circuit 
form, called the "free-running" type, has the property of presenting two 
unstable limiting conditions and accordingly will produce sustained oscilla- 
tions of a nonsinusoidal form. Figure 47c illustrates this circuit arrange- 
ment. The essential circuit change over that given in Fig. 47b, is seen to be 
the elimination of the stable equilibrium condition of V\ by the absence of a 
positive potential on the grid of V\ . 

In the free- running type of multivibrator shown, the duration of operation 
of a particular tube is related to the time of discharge of the coupling con- 
denser and the grid resistance associated with the tube. If a different time 
constant is chosen for each tube circuit, an unsymmetrical wave form, i.e. — 
a pulse-to-no-pulse interval ratio other than one, can be produced. In gen- 
eral, the free-running multivibrator is seldom used in this basic form because 
of the limited repetition-rate stability of this circuit. It is customary, how- 
ever, to trigger this free-running type of multivibrator with short-duration 
pulses having a slightly higher repetition-rate than that determined by the 
multivibrator circuit constants. In this manner the repetition-rate may be 
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externally controlled as desired. It is also possible to synchronize this par- 
ticular form of circuit at a submultiple of the externally available trigger 
repetition frequency. 

Pentodes and other now available multi-element vacuum tubes, where the 
multivibrator interstage coupling involves additional control elements, are 
commonly employed in the modern radar receiver. Wave forms other than 
the basic rectangular pulse forms appearing at the plate terminals of the 
multivibrator circuit are available at various other points in the circuit and 
are often employed in specific applications. 

One other basic form of pulse producing electronic circuits is known as 
the "blocking-oscillator" type: two typical examples of which are illustrated 
in Fig. 48. Here the positive feedback of energy required to produce the 
multivibrator characteristic is realized through the use of a single vacuum 
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Fig. 48.— Typical Blocking-Oscillator Circuit Forms. 

tube and a transformer feedback circuit. This form may be described as an 
oscillatory vacuum tube circuit where the grid circuit is so arranged to be 
driven negative after one or more cycles of operation. This results in an 
intermittent oscillation and the production of nonsinusoidal wave forms 
similar to those produced by the general multivibrator circuits previously 
described. The basic advantage of the blocking oscillator circuit form is one 
of economy of vacuum tubes and attendant power supply reduction. 

Typical Timing Wave Circuits 

The practical military equipment requirements of World War II with the 
emphasis on compactness and low-power consumption has resulted in the 
development of a myriad of specialized circuits which reflect the ingenuity 
of the electronic circuit designer and the basic flexibility of the modern 
vacuum tube. In general, however, these circuit developments are quite 
similar operationally to the basic forms here described. 

Figure 49 illustrates a typical circuit arrangement of the sweep timing 
portion of a PPI indicator as employed in a naval search radar equipment. 
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In this particular radar system the transmitting magnetron is pulsed from a 
free-running modulator and, therefore, the controlling timing reference pulse 
for sweep purposes must be obtained from the modulator circuit. In many 
other military radar systems it has proven desirable to time both the trans- 
mitter modulator and the receiver sweep circuits from a common controllable 
repetition frequency source. As shown in Fig. 49, a positive synchronizing 
pulse as obtained from the transmitting modulator is delivered to the radar 
receiver for range timing reference and here applied to the "clipper" portion 
of the timing circuit. It was considered here desirable to clip or limit the 
timing pulse to gain freedom from timing instability, due to possible ampli- 
tude variations and to eliminate any possible negative excursions of the 
timing pulse which might cause faulty operation of the following multi- 
vibrator circuit. The multivibrator shown is a modified form of the "one- 
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Fig. 49. — Radar Sweep Timing Circuit. Simplified schematic diagram. 



shot" type described previously. The grid of Va is normally maintained at 
a positive potential through its connection to the positive plate supply source 
and accordingly V~2 is normally cut off. 

Upon application of the positive synchronization pulse to V\ and the 
resultant lowering of the plate potential of V\ the grid of Vz is driven below 
cut-off decreasing the voltage drop across the common cathode resistance 
and causing V2 to conduct. This condition will be maintained until the 
coupling condenser has discharged sufficiently to permit V3 to again conduct. 
In the circuit here described, however, this controlling time constant has 
been selected to be somewhat larger than the total period of the sweep rate 
and the termination of the sweep timing pulse is accomplished by an external 
stop pulse applied as shown. This stop pulse is developed in the following 
sweep amplifier circuits not here shown and is controlled directly by the 
deflection current. Details of this stop-pulse timing and generation is given 
in a later section. 

The output of this timing circuit shown here then is observed to consist 
of a rectangular pulse whose leading edge is related to the time of the out- 
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going radar pulse and whose duration has been controlled by the limits of 
deflection desired on the radar indicator tube. This form of sweep circuit 
is known as a "start-stop" type and has proven extremely satisfactory as 
employed in a number of military radar equipments designed during the 
past war period. 

2.53 The Sweep Wave Form Generator 

The sweep wave form generator is required to generate the specific voltage 
or current time functions required to properly deflect the electron beam of 
the cathode-ray display device. The timing of the interval of this sweep 
wave form is provided by the timing or synchronizing circuits just described. 

In general, it has been required that the range sweep wave form amplitude, 
be essentially a linear function of time over the range interval under observa- 
tion. During the latter portion of the war, certain airborne applications of 
radar did require that a specific nonlinear wave form be employed, but the 
commonly employed displays (A, B, C, and PPI) are usually operated with 
linear range deflection sweep circuits. 

The basic method of obtaining a sweep voltage wave form which increases 
with time is illustrated in Fig. 50a. In this circuit V\ is normally operat- 
ing at little or no bias and, therefore, due to the large voltage drop across the 
plate resistor R, the plate potential of Vi is considerably lower than the plate 
supply voltage B. If a negative rectangular pulse is applied to the grid of Vi 
the tube will be abruptly driven to cut-off and, due to the current flow 
through the condenser C, the plate potential will rise exponentially as indi- 
cated to eventually assume the value of the supply voltage B. At the time 
of end of the negative driving pulse, Vi will again conduct and the potential 
at the plate of V\ will be abruptly reduced as shown. 

There are several methods employed in radar sweep circuits to improve 
the linearity versus time of the fundamental exponential sweep wave form. 
The first of these takes advantage of the fact that the initial rise of the expo- 
nential wave form in the limit is a linear function of time. By using only 
a small portion of the wave form shown and supplying later amplification to 
produce the desired deflection, a simple improvement results. This form 
of linear sweep generation represents the original and by far the most com- 
mon of the types employed in military radar systems during the past war. 

Figure 50b illustrates a method of improving the linearity of the sweep 
wave form whereby the exponential wave form generated by the basic 
condenser charging operation is modified through the use of feedback. As 
shown here the asymptotic value of the exponential charging voltage has 
been increased by a factor of (n + 1) and the effective time constant of the 
charging circuit has likewise been increased by the same factor. The use 
of an amplifier in the feedback circuit having an effective gain of 50 would 
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result in an improvement in linearity comparable with the circuit of Fig. 50a, 
where the plate supply voltage was increased by the same factor. 
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Fig. 50. — Radar sweep generation circuits — basic form and modified by negative 
feedback to improve linearity. 




Fig. 51. — Circuit employed to improve linearity of sweep wave form by integration 
method. 



A further method of improving the linearity of the generated sweep wave 
form is illustrated in Fig. 51 where an additional correction voltage is super- 
imposed on the exponential sweep wave form. This correction voltage is 
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derived by integration of the sweep wave form as impressed upon the ele- 
ments i? 2 , C 2 and the voltage appearing across Ci is effectively superimposed 
upon the output wave form. As employed on an airborne bombing radar 
equipment, a circuit similar to that shown in Fig. 51, was employed where a 
residual nonlinearity of less than 0.5% was achieved and maintained under 
severe military operating conditions. 

In certain instances it is desirable to generate a sweep wave form which 
has a specific nonlinear time characteristic. An illustration of one such 
case as applied to airborne radar is given in Fig. 52. Here the airborne 
radar display was required to present a nondistorted ground plan which in 
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GROUND RANGE, GR=VS 2 -H 2 
Fig. 52.— Development of hyperbolic sweep wave form for true ground plan radar 
presentation. 

turn required that the range sweep wave form be of a hyperbolic form. The 
start of the display sweep must be delayed in time corresponding to the time 
of propagation and return of the radar pulse between the aircraft and the 
ground. This delay may be produced by the use of a multivibrator of a 
convenient form, actuated by a pulse coincident with the outgoing radar 
pulse, and where the duration of the multivibrator pulse is controlled either 
manually or automatically by reference to the aircraft's altimeter. 

The hyperbolic sweep wave form illustrated may be approximated mathe- 
matically as the sum of a linear and a series of exponential terms. In this 
particular application, it was found sufficient to consider a linear and two 
additional exponential terms only to satisfy these specific requirements. 
Figure 53 indicates the method employed to generate this specific wave 
form. As indicated, the desired theoretical hyperbolic sweep function has 
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an infinite starting slope which cannot be provided with the practical limi- 
tations of frequency band width and power available so that here the actual 
delay used was chosen as 0.9 Ff, resulting in evident but acceptable distortion 
in the display in the area directly beneath the aircraft. Figure 53b indi- 
cates the fundamental circuit method of generating this wave form. The 
linear term is generated across the capacitance C and the series current 
flowing through the additional elements Ri , C\ and i?2 , Ci supplies the two 
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Fig. 53. — Hyperbolic sweep wave form generation — simplified schematic diagram. 

additional exponential voltage wave forms. The resistances R\ and Ri 
are required to be variable, their value being determined by the altitude of 
the aircraft. The practical form of the circuit employed is outlined in 
Fig. 53c, which includes the additional resistor required to enable modifying 
the rate of rise of the sweep wave form in accordance with the selected 
interval of ranges to be displayed. 

2.54 The Sweep Amplifier 

The remaining portion of the radar sweep circuit is concerned with the 
amplification of the properly timed and generated sweep wave forms to 
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assure adequate deflection voltage or current for display purposes. The 
sweep amplifier for range deflection purposes is essentially a specialized form 
of video amplifier which must be capable of wide band transmission to ade- 
quately reproduce the short time sweep wave forms and whose output char- 
acteristics are such as to properly supply the high voltage or current signals 
as required by the radar display system. Two general sweep amplifier de- 
sign problems are presented for the two basic radar indicator types. The 
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Fig. 54. — Range sweep amplifier circuit schematics for electrostatic-type radar displays, 

electrostatic type cathode-ray tube generally requires a balanced to ground 
deflection signal of moderately high amplitude while the magnetic type cath- 
ode-ray tube requires a large deflection current for its operation. 

Figure 51a illustrates a simplified schematic of a range sweep deflection 
amplifier to be employed with an electrostatic type-A radar display. Here 
the previously generated sweep wave form is impressed upon the grid of 
Vi and after amplification a portion of the signal of opposite polarity and of 
amplitude comparable with the input signal at the grid of Vi is applied to 
the grid of V-> . The plate circuit of each tube is connected directly to the 
deflection plate of the electrostatic cathode-ray tube. In this instance, 
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the average potential of the horizontal plates of the indicator is maintained 
at a value determined by the d-c plate potentials and, as indicated pre- 
viously, this same potential should be applied to the second anode of the 
cathode-ray tube to avoid defocussing effects. Another variation of a 
phase inverter amplifier which is commonly employed in radar sweep cir- 
cuits is illustrated schematically in Fig. 54b. In this instance, a common 
cathode impedance is employed to accomplish similar excitation of the 
balanced output tubes. If one grid is excited the plate current flow of this 




e.Cti 













e,(t) 



AA/V 



e,(t) 



ut) l: 



it 





e 2 (t) 





I — vw 

Qe 3 (t) 



;==: L(t)J< 







e 3 (t) 



TIME,t 



Fig. 55. — Voltage-current-time relationships for magnetic deflection structures. 

tube through the cathode resistance serves to excite the second tube and a 
balanced output sweep signal voltage will result. The values of the plate 
resistors in this form of circuit are of unequal values and must be adjusted 
to produce the desired balanced output. The additional control illustrated 
in the grid circuit of Vi may be employed to serve as a d-c positioning con- 
trol. 

The sweep amplifier design considerations involved for the magnetic 
deflection type of cathode-ray tube radar indicator are somewhat more 
involved, due primarily to the character of the amplifier load impedance. 
In the case of magnetic deflection the final flux density, and accordingly the 
sweep current through the deflection coil, is required to be proportional to 
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the deflection time function desired. If a linear deflection function is 
assumed, as shown in Fig. 55, producing a linear sweep, the necessary form 
of the applied voltage wave will vary depending on the inductance, the 
resistance and the parasitic capacitance of the coil circuit. These condi- 
tions are illustrated in Fig. 55. It is entirely possible to generate sweep 
voltage functions of the forms indicated here for application to a linear 
amplifier and deflection coil circuits and in fact such an approach was em- 
ployed in early military radar designs of World War II. It has, however, 
proven more convenient to employ negative feedback amplifiers whereby 
the deflection coil current output is maintained proportional to the applied 
voltage at the input of the sweep amplifier. In this manner, a sweep 
generator voltage wave form can be employed which has the characteristics 
desired of the final deflection. 

A simplified schematic of a feedback sweep amplifier to be employed in 
connection with a magnetic deflection radar indicator is shown in Fig. 56. 
In this example the impressed sweep wave form voltage having the essential 
characteristics of the desired deflection time function is impressed upon 
the grid of Vi . This sweep form is amplified and the deflection coil current 
of the output stage which flows through the 80-ohm cathode resistance 
common to the first and third stages produces a voltage drop proportional 
to this current which is effectively applied between the cathode and grid 
of the first stage thus completing the negative feedback loop. If sufficient 
forward gain and adequate feedback is provided, the deflection coil current 
can be made to assume the essential characteristics of the original im- 
pressed voltage sweep wave form. It should be observed that the grid of 
the third stage is biased negatively beyond plate current cut-off to insure 
that the deflection coil current has an initial value of zero before the start 
of the sweep. If this condition is not observed, the zero range point on the 
indicator will be a function of the d-c current of the output stage and in the 
case of a PPI form of display, the zero range region will assume the charac- 
teristics of an open circle and map distortion at the short ranges will result. 
In this amplifier circuit, application of the sweep signal to the grid of F 3 
will not result in deflection current flow until the tube is driven above cut- 
off. During this time the feedback is not effective and the over-all gain of 
the amplifier is at its maximum value. Due to the inductive- characteristics 
of the amplifier load impedance, the initial rise in current will be delayed 
slightly with respect to the applied voltage and accordingly a further delay 
of the feedback voltage is introduced by the use of a time constant in the 
common feedback network. The result is a delaying of the applied feedback 
voltage with a corresponding period of maximum gain of the amplifier which 
tends to produce a sharp increase in deflection coil current at the time of the 
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start of the sweep. After this short interval of time, the feedback becomes 
effective and the output current and input voltage correspondence obtains. 
It is essential in this type of circuit that the feedback be determined en- 
tirely by the deflection coil current if optimum operation is to be obtained. 
It should be observed that this condition requires that the screen current 
which also normally flows through the feedback impedance does not con- 
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Fig. 56. — Radar range sweep amplifier employing negative feedback and screen grid 
bridge circuit — simplified schematic. 

tribute to the net feedback. Figure 56 illustrates the bridge circuit which 
has been devised to accomplish this. A voltage from the screen of the third 
stage is directly applied to the cathode of the first stage, this voltage being 
equal in magnitude and of opposite polarity to that which appears across 
the feedback impedance due to the third stage screen current flow. This 
bridge circuit operation is independent of the absolute screen voltage value. 
To insure identical starting potential conditions regardless of the duration 
of the range sweeps in use, d-c restoration is employed in the grid circuit of 
the last stage. The action here is similar to the operation described pre- 
viously in connection with video amplifier design. The delay inherent in 
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the magnetic deflection circuits must be carefully considered in the over- 
all radar receiver design, if the display is required to reproduce short-range 
information. In such cases, it is customary to insert delay networks in the 
video channel introducing a delay to the received signal equal to that present 
in the indicator deflection system, or to "pre-pulse" the deflection circuits 
prior to the time of the outgoing radar pulse. 

It is desirable from a power consumption and display appearance stand- 
point to limit the range deflection of the radar indicator only to that ampli- 
tude required to adequately fulfull the display requirements. A method 
commonly employed is indicated in Fig. 57. Here a measure of the current 
flow through the deflection coil, and accordingly the amplitude of the de- 
flection of the cathode-ray tube beam upon the screen , is obtained from the 
feedback voltage of the sweep amplifier. This voltage is impressed upon a 
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Fig. 57. — Range sweep stop pulser circuit for limiting sweep deflection. 

"sweep-stop" pulser which upon rising to a preselected value corresponding 
to the desired sweep amplitude is caused to trigger this circuit. The output 
pulse of this circuit is then employed to operate the sweep limiter portion 
of the sweep timing multivibrator previously described, thus terminating the 
sweep timing pulse proper. 

2.6 Circuits for Radar Range and Bearing Measurement 

In this review of radar receiver design principles only the presentation of 
the received radar signal in a form convenient to the observer has been 
considered. To fully utilize the complete radar information available, 
determination of the complete coordinates is necessary with an exactness 
which is determined by the specific use of the data and by the capabilities 
of the radar system itself. This section will be devoted to a review of the 
methods employed to generate electronic markers necessary for the deter- 
mination of range and azimuth and elevation angles. These markers in- 
clude both the fixed variety, whereby the approximate coordinates of a 
radar target can be determined by inspection, and steerable markers by 
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which means precise coordinate data necessary for most military applica- 
tions are determinable. As indicated previously, the optical filters commonly 
employed over the screen of the radar indicator often serve as a medium for 
display of range, azimuth or elevation coordinate markings: however, 
these methods are seldom completely satisfactory in military fire-control 
radar systems because of errors introduced by the ever-present size or posi- 
tion variations in the electronic display field. Their use has been strictly 
limited to search or reconnaisance radar systems. 

2.61 Electronic Bearing Marker Circuits 

The bearing marker methods reviewed here are applicable generally to 
both azimuth and elevation angle determination. A method of azimuth or 
elevation bearing determination which can be associated with a lobing 
antenna system and an A-type indicator has been mentioned previously. 
This method remains an extremely precise system which has the desirable 
advantage of simplicity. During the latter part of the war, automatic 
tracking was applied to this method where the actual comparison of the 
lobes of the selected target signals was carried out electronically and the 
resultant antenna steering information utilized as the final bearing data. In 
a strict sense, however, only an indication of error in antenna training is 
observable to the operator on the radar equipment proper. The exact 
bearing data must be obtained from a measurement of the position of the 
antenna itself. 

In the case of the continuous scanning systems employing B, C, or PPI 
presentations, it is common practice to provide a steerable electronic marker 
which can be superimposed upon the display field and by which means rela- 
tively exact azimuth and elevation angles can be determined by target and 
marker coincidence. This electronic marker method has the advantage that 
it is subject to the same size and position display field distortion influences 
as the received pulse signal, thus eliminating this source of error. 

A circuit arrangement which has been employed in connection with a 
naval vessel radar search system to brighten a selected and variable range 
trace of the PPI indicator to serve as an electronic azimuth marker is given 
in Fig. 58. In this example the rotating antenna structure is equipped 
with a small permanent magnet pole piece whose cyclic excursions past a 
sealed magnetic reed relay cause a pair of contacts to close indicating coin- 
cidence. The relay structure is likewise mounted on a ring which can be 
rotated with respect to the scanning axis of the antenna. The relative bear- 
ing of a target is thus determinable by a knowledge of the angular position 
of the relay capsule with respect to the lubber line of the vessel. The cir- 
cuit of Fig. 58 produces one brightened range trace for each revolution of 
the antenna upon closure of the bearing marker relay contacts and is ar- 
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ranged to be unaffected by any subsequent chatter or false switch closures. 
The pedestal generator which includes vacuum tubes V\ and V2 which are 
normally operated below plate current cutoff produces upon closure of the 
bearing marker switch contact a rectangular negative pulse having a dura- 
tion of 10,000 microseconds. This pulse operation is independent of addi- 
tional chatter effects following the initial contact closure. The following 
single-cycle bearing mark multivibrator is normally held inoperative by the 
bias voltage developed on the cathode of V 3 . The grid of Vz is continu- 
ously excited with the range sweep start pulses of an amplitude insufficient 
to actuate this multivibrator circuit. The presence of the 10,000-micro- 
second pedestal is sufficient, however, to allow the following range sweep 
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Fig. 58. — Electronic azimuth bearing marker circuit — simplified schematic. 



start pulse to operate the multivibrator. The output of this circuit is 
then a 550-microsecond pulse which represents a time slightly longer than 
the maximum range to be displayed (60,C0) yards) but shorter than the 
period of the sweep repetition rate. This positive 550-microsecond pulse 
is applied to the modulating grid of the PPI indicator tube through an 
adjustable trace brightness control element. 

Another convenient azimuth display method which has been extensively 
employed in naval and airborne radar systems involves the use of "true 
North" presentations. Here the PPI azimuth indication is presented in 
terms of a compass reference, the actual instantaneous position of the range 
trace on the screen representing the compass direction of the antenna beam. 
In the indicator previously illustrated in Fig. 44 the compass information 
is introduced by means of a differential synchro inserted in the antenna- 
indicator synchronizing connections whose angular displacement is pro- 
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portional to the instantaneous heading of the aircraft. In the SL radar 
indicator shown in Fig. 61 the compass information is introduced by means 
of a mechanical differential rotation of the indicator deflection coil propor- 
tional to the angular position of the compass repeater mechanism. 

2.62 Range Marker Circuits — Fixed Range Markers 

A simplified schematic diagram of a convenient fixed range mark gener- 
ator circuit which has been extensively employed on airborne radar search 
systems is given in Fig. 59. Here the radar system requires 1- and 5- 
statute mile fixed range markers. The sweep start multivibrator pulse is 
applied to the grid of Vi as shown. In the absence of a signal, this tube 
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Fig. 59. — Fixed range marker circuit — simplified schematic. 

operates at effectively zero bias, and because of the large plate current flow 
reduces the effective plate potential of Vi and the grid potential of V3 to a 
low value. Since the cathode of V3 is subject to a large positive potential, 
this tube is cut off and the oscillatory circuit shown is inoperative. Upon 
application of the negative start pulse, Vi is cut off for the duration of this 
pulse and the attendant rise in the V$ grid potential permits the oscillator 
circuit to function. The series resonant elements L\ C\ and Li Ci determine 
the frequency of oscillation by providing a high value of positive feedback at 
the series resonant frequency. The output of V 3 which consists of approxi- 
mate sinusoidal pulses is differentiated by means of the air-core transformer 
shown. The differentiated pulses are then applied to a cathode follower 
amplifier stage biased to cut off where the output is limited to the desired 
positive fixed range mark pulses for indicator display. By careful choice of 
circuit elements and equipment arrangement, this simple circuit form has 
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produced an entirely satisfactory range marker signal for radar search 
systems. 

Variable Range Marker Circuits 

Variable range marker circuits are employed where more precise range 
information is required for missile control applications of radar. Here the 
observer may position the electronic range mark to obtain coincidence with 
the selected target, and from an associated calibration of this positioning 
control, determine the range coordinate. For search or reconnaissance 
purposes it is often desirable to determine range with somewhat more ac- 
curacy than is afforded by the display of fixed markers, and for this purpose, 
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Fig. 60. — Variable range marker circuit of moderate precision — simplified schematic. 

several designs of moderate precision variable range marker circuits have 
been developed and employed during the past war period. 

Figure 60 illustrates the circuit operation of a variable range mark gen- 
erator of moderate precision. This circuit operation depends on a pulse 
obtained from the transmitting modulator to serve as the zero time or 
range reference. This is applied to a single-cycle multivibrator which pro- 
duces a rectangular pulse whose leading edge is coincident with the time of 
the synchronizing pulse and whose duration is somewhat greater than the 
maximum range measurement required. A saw-toothed voltage wave form 
is generated in the following RC wave generator by means similar to the 
sweep wave form generation described in a previous section of this paper. 
The coincidence circuit which follows consists of a vacuum tube biased be- 
low cut-off whose exact cut-off bias is determined by the range mark poten- 
tiometer setting. This coincidence circuit is thus inoperative until the 
saw-toothed input signal has reached the value of the cut-off voltage, at 
which time this circuit functions and produces a sharp decrease in its plate 
potential. The effective time delay which is here produced with respect 
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to the time of the synchronizing pulse is observed to be a function of the 
rate of change of the saw-toothed wave form and the setting of the range con- 
trol potentiometer which may be calibrated directly in units of range to the 
target. The following range mark generator differentiates this coincidence 
circuit output wave form and furnishes the desired amplification. Zero 
range calibration. is here provided by employing a sample of the zero time 
rcfererce pulse and introducing this voltage into the range control circuit. 

RANGE-YARDS-, 
RANGE DIAL- 




Fig. 61. — Transmitter-receiver-indicator assembly as designed for SL-Naval Search 
Radar equipment. 

Figure 61 illustrates the transmitter-indicator assembly of the SL naval 
vessel search radar system. This system employs a PPI display with avail- 
able range sweeps of 5, 25 and 60 nautical miles. The assembly shown to the 
right of the main unit contains a variable range marker circuit of the type 
just described. This range mark is positioned by means of the control 
located toward the top of this unit and its calibration is observable through 
a window located on the top panel. Here a maximum measuring range in- 
terval of 40,000 yards is available. In this application, the RC elements of 
the wave generator are enclosed within an oven and maintained at a constant 
temperature by thermostatic means. The accuracy achieved in this ex- 
ample, without recourse to calibration means involving targets at known 
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range, is ± 200 yards at the maximum range with an accuracy of ± 100 
yards for targets within 5 nautical miles. 

For more precise determination of range than is afforded in the circuit 
just described, two methods have been extensively employed. The first 
method involves the production of a known time delay by actual measure- 
ment of the time of propagation of an acoustical wave through a liquid me- 
dium. Here the physical length of path is varied to produce the variable 
delay. The second method involves the phase shifting of a known precise 
sinusoidal frequency standard which bears a fixed phase relationship to the 
time of the outgoing radar pulse. 

The "liquid delay tank" variable range unit over-all operation may be 
observed by reference to Fig. 62. The zero time range reference is obtained 
in the form of a pulse coincident with the outgoing radar pulse. This pulse 
actuates the one-cycle multivibrator shown to produce a sharp high-ampli- 
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Fig. 62. — Liquid delay tank type of precision variable range unit — block diagram of 
operation. 



tude output pulse, here relatively independent of amplitude and form char- 
acteristics of the synchronizing pulse and which is applied directly to the 
delay tank. This delay tank consists of a suitable container filled with a 
mixture of iron-free ethylene glycol and water so composed as to produce a 
zero temperature-velocity coefficient at 135°F, at which temperature the 
liquid is maintained by thermostatically controlled electrical heaters. In 
this temperature region the temperature-velocity characteristic is such as 
to produce a decrease of velocity of 0.1% for a temperature variation of 
14°F. Located at one end of this tank is a quartz crystal, approximately f " 
square and 0.040" in thickness, mounted securely on a brass plate which 
serves as one electrode and which is immersed in the liquid. A similar 
crystal element is attached to a lead-screw carriage and located so that the 
face of this crystal is parallel to the fixed crystal. The distance between the 
crystal faces can be varied by rotation of the lead screw. The sharp voltage 
wave applied to the transmitting crystal causes it to oscillate in a damped 
vibration at its natural frequency for longitudinal waves which in this case 
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is of the order of 1.4 megacycles. The mounting plate and surrounding 
liquid serves to highly dampen this oscillation. A short vibrational wave 
train is projected through the liquid toward the receiving crystal. The 
amplitude of this disturbance is only slightly attenuated by viscous dissipa- 
tion for the maximum path length here employed. The large area of the 
crystal relative to the wave length results in a highly directive radiation and 
is reflected in a parallelism requirement for the crystal faces of the order of 
.01". The voltage developed across the receiving crystal upon application 
of this delayed acoustical wave consists of a main response followed by minor 
disturbances due to re-reflections between the crystals. 
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Fig. 63. — Liquid delay tank type of precision variable range unit. 



The following amplifier shown in Fig. 62 is required to increase the .005- 
volt received signal to approximately 20 volts. This gain supplied is con- 
trollable by means of an automatic gain control circuit so as to provide a 
relatively constant amplitude of the first response signal. The following 
trimmer circuit consists of a pentode operating below cutoff such that a 
signal of at least 20 volts is required for plate current flow. Since the AGC 
circuit operates to adjust the gain of the amplifier to this condition, only the 
first and highest response peak is transmitted to the final range pulse multi- 
vibrator circuit where a sharp narrow rectangular pulse is produced to be 
employed in the following indicator circuit. 

Figure 63 is a photograph of the liquid-tank type of variable range unit as 
developed and manufactured early in the past war and employed extensively 
in naval fire-control radar systems. This unit includes provision for a 
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maximum range measurement of 40,000 yards with an accuracy of ± 40 
yards at this range under normal field operating conditions. 

The use of the liquid range unit is practically restricted to ground and 
naval vessel application because of its weight and the problems of handling 
these critical liquids. Another variable range unit development was ini- 
tiated to meet the same accuracy requirements as above, but to be more suit- 
able for aircraft and other extreme ambient applications. The phase- 
shifting type of variable range unit whose operation is illustrated in Fig. 64 
was the result of this effort. 

The input start-stop single-cycle multivibrator circuit produces a rectang- 
ular pulse output wave form whose leading edge is coincident with the time 
of the outgoing radar pulse and whose duration encompasses the maximum 
range time to be measured, in this example 270 microseconds. 

The timing wave generator and associated phase shifting circuit is shown 
schematically in Fig. 65. The resonant frequency of the oscillatory circuit 
is 81.955 kc which period represents an equivalent radar range interval of 
2000 yards. An initial d-c current of approximately 10 ma is present in the 
L\ C\ circuit in the absence of input start signals. Upon application of the 
negatively poled rectangular start-stop pulse V\ and V 2 are abruptly driven 
to cutoff and the energy associated with the magnetic field of L\ produces 
local current flow and oscillation at a frequency determined by L\ C\ . 
The initial circuit conditions here are the same as the zero voltage condition 
for each cycle of a sustained oscillation and the behavior of the oscillatory 
system is the same as for the case of sustained oscillation. The absolute 
average potential of the oscillation is maintained constant regardless of 
the magnitude of the duty cycle. Positive feedback of the timing 
wave is included in the V 3 cathode connection in such a manner that uni- 
form amplitude of the timing period throughout the active period results. 
The purpose of the remaining circuits shown in Fig. 65 consisting of V a , 
V\ and Vf, is to produce four output timing wave voltages whose relative 
phases differ by 90°. These voltages are to be later combined in such a 
manner that continuous phase shift of the output timing wave results. 
Two quadrature voltages are here produced by the use of LR and CR net- 
works so proportioned that uL 2 = —p; = i?2 at 81.955 kc. The desired 

0)C2 

four timing wave outputs are produced by the use of the phase inverter 
stages Vi and Vh . 

The method here employed to combine four quadrature voltages to enable 
continuous relative phase shift of the resultant output is illustrated in Fig. 
66. This phase shifter capacitor consists of four quadrant shaped stator 
sectors which are equal in area and shape and which are mounted parallel 
to a ring stator as shown. A carefully shaped eccentric dielectric vane rotor 
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is provided whose rotation between the stator elements affects each quad- 
rant stator capacitance in a like manner. As illustrated the resultant out- 
put voltage which appears from the ring stator to ground has a phase shift 
relative to any applied wave which varies linearly with angular displace- 
ment of the condenser shaft. 

The function of the following amplifier shown in Fig. 64 is to provide a 
high-impedance termination for the phase-shifting condenser, and to pro- 
vide increased amplitude of the timing wave. The pulse generator which 
follows limits or clips the applied timing wave, and differentiates the re- 
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Fig. 65. — Timing wave generator circuit of phase shifter type range unit. 

sultant wave form. The output here consists of trains of alternate positive 
and negative timing pulses. 

The pulse selector component shown in Fig. 61 enables obtaining delay 
intervals greater than 12.2 microseconds the value associated with 36j° 
phase shift of the timing wave. An increasing exponential saw-toothed 
wave form is generated starting at zero time reference by an RC circuit 
having a time constant of the order of 800 microseconds. The timing pulses 
are applied additively with this exponential to the grid of a vacuum tube 
operating below cutoff, its exact value of bias being determined by the 
setting of a potentiometer control. At the time that the grid signal ampli- 
tude exceeds this critical cut-off bias value, this tube conducts abruptly as 
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shown and an output pulse is produced whose position on a time scale is 
determined by the additive phase shift of the timing wave and the setting of 
the pulse selector potentiometer. By mechanically gearing the potentiom- 
eter and phase-shifting condenser, the final rotation of the control shaft will 
result in an output pulse whose delay will increase uniformly and correspond 
to 2000 yards per revolution of the control. Further amplification is fur- 
nished in the output amplifier shown. 

Figure 67 illustrates the final equipment features of a phase-shifting type 
of variable range unit as developed for naval vessel radar system application. 
It will be observed that this unit is mechanically interchangeable with the 
liquid range unit shown in Fig. 63. 
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Fig. 66.— Schematic outline of operation of phase shifter condenser. 

In this model, the parallel resonant timing wave oscillatory circuit is 
maintained at a constant temperature by employing an electrically heated 
oven. Measurements made on this design indicate that the range shift 
error to be expected for a "warm-up" period of 6 minutes was .003% or 1.5 
yards at 45,000 yards range. After 6 minutes time, thermal equilibrium is 
reached and the total range error will be less than 20 yards at 45,000 yards 
range. The unit here illustrated has been universally employed in the 
majority of naval vessel fire-control radar systems of the past war and these 
basic circuit principles have served for range measurement in other appli- 
cations including precision radar bombing. 

2.7 Automatic Frequency Control and Automatic Gain Control 
2.1 \ Automatic Frequency Control 
The automatic frequency control (AFC) of the local beating oscillator to 
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assure correct tuning of the radar receiver has become an extremely im- 
portant feature of the military radar system and the successful solution of 




Fig. 67. — Precision variable range unit of the continuous phase shifter type. 

this problem has contributed greatly to the practical success of radar during 
World War II, by assuring consistent optimum system performance under 
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severe military field conditions. In the case of the usual radio-communi- 
cation system, some knowledge of character and extent of the information 
which is being transmitted is available to the receiving location which may 
serve to evaluate the receiver operating performance, but in the case of the 
military radar system such reference data is not always available. The 
usual military operating conditions for radar systems are extremely severe 
which, in general, tends to degrade the performance. Mistuning of the 
radar receiver and the attendant reduction of the performance of the system 
must be immediately evident to the operator even under conditions where no 
radar signal returns are present. 

During the first years of the past war, this tuning problem was recognized 
and the initial attempts at solution involved the inclusion of receiver tuning 
indicators to serve as an indication of adjustment. As the radar systems 
became more complex and with the trend toward the use of higher trans- 
mission frequencies the necessity for completely automatic continuous 
tuning adjustment of the receiver became increasingly evident and the 
present types of automatic frequency control devices were developed. It 
has been determined that in the specific case of airborne radar bombing 
equipment operating at 10,000 mc that the automatic frequency control of 
the receiver tuning is an absolute necessity, since the radar operator cannot 
under the normal military operating conditions maintain the system per- 
formance in this regard to a small fraction of the optimum. 

Functions and Requirements 

The basic reference for a radar automatic frequency control system must 
be the transmitter frequency since it is required that the receiver be properly 
tuned under the condition where no radar return signals are available. 
Either the frequency of the transmitter magnetron or the local beating 
oscillator frequency may be adjusted from an electrical error signal whose 
characteristics are related to the tuning point. Magnetrons whose fre- 
quency was conveniently controllable by remote electrical means were not 
then available so that the later method has been universally applied in mili- 
tary radar systems developed during the past war period. 

It is pertinent to review the nature and extent of the frequency instability 
of a radar system to derive the requirements to be imposed upon an AFC de- 
vice. The sources of frequency instability are associated with the trans- 
mitter as well as the receiver elements of a radar system. The magnetron 
frequency is determined in part by the physical dimensions of its oscillatory- 
cavity structure, and as would be expected, ambient temperature and 
pressure conditions exert a decided influence. For example, a typical 
thermal coefficient of frequency for a magnetron may be as high as 200 kilo- 
cycles per degree Centigrade which over the range of ambient temperatures 
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to be considered important for military equipment may result in a frequency 
shift of 20 mc from the time the equipment is turned on until thermal equi- 
librium is established. The magnetron frequency is extremely sensitive 
to its terminating load impedance. This termination in a radar equipment 
is composed of the antenna, the interconnecting RF transmission line, and 
the duplexing devices. The typical radar antenna system employs rotating 
joints or connecting devices to enable transfer of RF power to the antenna 
proper while it is mechanically operated over its scanning cycle. These 
connections cannot be made to present an entirely uniform impedance over 
their entire mechanical operating range and thus introduce variable im- 
pedance irregularities to the magnetron generator. The frequency of these 
impedance variations may range from a fraction of a cycle per second to 
perhaps 60 cps. The input impedance of the antenna proper is dependent 
on the extent and character of nearby obstructions in the radiation path. 
The characteristics and form of the radome employed to protect the antenna 
contribute to the variable impedance characteristics of the antenna and 
thus influence the magnetron frequency. An additional instability in mag- 
netron operation which is introduced through power supply variations within 
the modulator and transmitter portion of the system must also be considered 
in the detailed design of the AFC system. 

The receiver itself is responsible for a major contribution to the frequency 
instability characteristics of the radar system. The local beat oscillator 
frequency is critically dependent on the physical dimensions of its oscillatory 
structure and on the supply voltages. The effects of temperature and at- 
mospheric pressure on the frequency of a reflex oscillator of the types pre- 
viously described is considerable. For example, a thermal coefficient of 
0.25 mc per degree Centigrade, typical of the 10,000-mc tubes, will produce a 
total excursion of perhaps 25 mc over the range of ambients experienced in 
military equipment. In the case of supply voltage variations, a 5-mc fre- 
quency shift will result for a 1% change in anode and repeller potential for a 
typical 10,000-mc reflex oscillator. Another source of receiver frequency 
instability is associated with the shift of the IF amplifier frequency selectiv- 
ity characteristic with tube aging and operating conditions. 

If the operating requirements for an AFC system are now reviewed from 
a consideration of these factors, it will be observed that for a radar system 
operating at the higher frequencies a total effective frequency change of 
perhaps as much as 50 mc may be encountered whose rate of change, in 
general, will be relatively slow and may be classified generally as effects 
due to "warm up". In addition fast variations of frequency will be present 
whose rates of frequency change may extend from 1 mc per second per 
second to 1000 mc per second per second. At the lower radar frequencies 
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these frequency variations will be somewhat lower with an attendant deduc- 
tion of the range of operation required of the AFC circuit. 
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AFC Circuit Design Considerations . . - 

To obtain a measure of the basic frequency reference for AFC purposes 
the direct approach is evident. A sufficiently attenuated sample of- : the 
outgoing radar pulse may be obtained from the transmitter and after sepa- 1 



RADIO 
FREQUENCY 






INTERMEDIATE 
FREQUENCY 







* 






1 






LOCAL 






OSCIL 


-ATOR 






(a) 




TO 

BEAT-OSCILLATOR 
REPELLER 




I +150 VOLTS (b) i ~ 300 VOLTS 

Fig. 68. — Radar AFC system — block diagram and circuit arrangement. 

rate conversion but, under the influence of the regular receiver beat oscil- 
lator, may be employed as a true sample of the outgoing signal as it exists 
with the normal receiver IF channel. The separate AFC converter method 
has been employed in some military radar equipment but has the disad- 
vantage that additional conversion components are required. A second 
method is more economical of equipment and has been extensively employed 
during the past war period, but this later type of AFC circuit has limitations 
which are imposed on it by the character of the IF signal as normally avail- 
able in a radar receiver. Figure 68a illustrated the essential elements of 
such an AFC system for a radar receiver. It will be here observed that a 
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sample of the IF signal after normal conversion and some amplification is 
applied to a frequency sensitive discriminator circuit and the resulting error 
signal is employed to readjust the beat oscillator frequency. The outgoing 
radar pulse is normally attenuated effectively by the TR circuit, and thus 
the remaining signal available for AFC purposes is due to inherent leakage 
of the TR elements. As previously indicated, the frequency spectrum of 
the output "spike" of the TR device extends over a wide frequency range, 
due primarily to the small finite delay in the breakdown of the TR tube. 
The energy frequency distribution characteristic of this spike is to a large 
degree independent of the magnetron frequency and, therefore, must be 
considered as an undesirable masking signal and accordingly reduced to a 
noninterfering level. As previously indicated this is usually accomplished 
by disabling one or more of the IF amplifier input stages for a short time 
interval coincident with the outgoing radar pulse. 

With a signal available which is related to the frequency of the outgoing 
pulse, the remainder of the AFC design is concerned with the utilization of 
this information to accomplish the automatic tuning of the radar receiver. 
To determine the frequency gain characteristic of the discriminator circuit 
it is pertinent to examine the frequency repeller potential relationship of the 
local beat oscillator. This relationship for a 2K25-type reflex oscillator 
operating at 10,000 mc shown in Fig. 19 is approximately 2 mc/volt and is 
representative of the tubes of this type. This quantity provides an indi- 
cation of the "loop gain" required for a satisfactory AFC circuit. 

Typical AFC Circuit Designs 

Figure 68b illustrates the essential elements of a radar AFC discriminator 
and amplifier circuit. This consists of an input circuit which is required to 
furnish the means for frequency measurement, rectifier elements to convert 
this frequency deviation information to a proportional voltage error signal, 
followed by an amplifier to increase the amplitude of this signal to the re- 
quired level to adequately control the frequency of the local beat oscillator. 

The operation of the discriminator input circuit may be observed by refer- 
ence to the vector diagram of Fig. 69a. The input circuit, essentially a 
double-tuned transformer having a low value of mutual inductance, serves 
to couple the AFC rectifier to the preceding IF amplifier tube. The 
resonance frequency of both primary and secondary circuits is main- 
tained at the desired midband IF tuning point, in this example, 60 mc. The 
output of the balanced secondary winding of this input network is applied to 
a balanced rectifier shown in the vector diagram as E T and Ei . In addition 
a portion of the IF signal voltage which appears across the primary winding 
is also applied to each element of the balanced rectifier. .At resonance, the 
primary and secondary voltages assume a quadrature relationship as indi- 
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cated. The vector relationships for frequencies above and below this reso- 
nance, as shown, result in an amplitude change across the rectifier circuit. 
Figure 69b illustrates a typical rectified voltage versus frequency character- 
istic of such an array. The location of the actual crossover zero voltage point 
is determined only by the resonance of the secondary circuit over the limited 
range under consideration here. The primary resonance contributes essen- 
tially only to the symmetry of the voltage output versus frequency charac- 
teristic. The introduction of the time constant elements in the detector 
output circuit integrates the pulse output and are chosen with due regard 




Fig. 69. — Operation of the AFC circuit — vector relationships in input circuit and out- 
put voltage vs. frequency characteristic. 



to the maximum frequency rate of change which this circuit must control. 
The d-c amplifier shown is normally biased to operate at maximum gain 
consistent with stability, to produce the maximum sensitivity to frequency 
change and to accordingly achieve the least threshold deviation from the 
ideal tuning condition. Provision for disabling the AFC circuit is included 
to enable initial manual adjustment of the beat oscillator repeller potential. 
With the circuit shown here, failure of the AFC circuit proper will result in 
the return of the repeller potential to that value originally selected by initial 
tuning and further manual control may be used. 

It is often convenient to describe the effectiveness of an AFC circuit in 
terms of its "pull in" range and its "hold in" characteristics. "Pull in" 
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will be defined as the ability of the AFC circuit to restore proper tuning con- 
ditions with sudden application of the signal. The "hold in" characteristic 
of the AFC system will be denned as the ability of the circuit to maintain 
proper tuning conditions as slow changes occur in the frequency of the con- 
trol signal. In the AN/APS-4 airborne radar equipment previously re- 
ferred to, which employs an AFC circuit similar to the form here described, 
the "pull in" range is approximately ±Smc from the 60-mc midband value 
and the "hold in" range includes the entire tuning range of the reflex oscil- 
lator employed which is of the order of ± 40 mc. This example will main- 
tain the tuning within 0.5 mc of the desired tuning point over the range of 
conditions encountered in wartime aircraft applications. 

In some applications use has been made of a frequency scanning process 
whereby the AFC output voltage, in the absence of a suitable controlling 
signal within the IF band, is caused to vary periodically in a saw-tooth 
fashion thus causing the local beat oscillator frequency to vary, sweeping 
across the complete tuning 'range of the receiver. When the desired signal 
frequency is produced the AFC then functions in the normal manner. 
This form of circuit was employed in certain radar equipments developed 
during the early part of the war and a somewhat similar oscillatory AFC 
circuit has been employed in connection with later developed thermally 
tuned reflex oscillators and reported elsewhere. 13 

An automatic frequency control unit designed in connection with the 
AN/APQ-7 radar bombing equipment which operates at 10,000 mc is illus- 
trated in Fig. 70 and Fig. 71. The basic operation of this equipment ex- 
ample is similar to the d-c amplifier type previously described but includes 
certain modifications important for this particular application. In this cir- 
cuit the plate potential of the first IF stage of the AFC unit is obtained as a 
positive pulse from the transmitting modulator thus enabling the AFC cir- 
cuit only during the short interval of time encompassing the outgoing radar 
pulse. This arrangement assures that no detuning of the receiver will result 
from spurious or nearby signals after the radar pulse has been transmitted. 
The rectifier elements here consist of triodes operating near plate current 
cut-off which results in improved linearity of detection. The d-c amplifier 
portion of this AFC circuit is arranged somewhat differently from the example 
previously discussed, including in this case balancing controls to account for 
tube and circuit variations. At the condition of resonance, in this case 60 
mc, the voltages applied to each grid of the amplifier are equal and the net 
repeller potential is determined entirely by the manual control value. 
The overall output range of voltage for this circuit is ± 20 volts, which in 
this application represents a ± 40-mc frequency change for the associated 

13 "Considerations in the Design of Centimeter-Wave Radar Receivers", Stewart E. 
Miller, Proc. I. R. E., Vol. 35, No. 4, April, 1947. 
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reflex oscillator. Variations in the amplitude of the controlling signal are 
of less importance by virtue of the biasing action of this d-c amplifier circuit. 
The performance of this design includes maintenance of the tuning point of 
this receiver to within ± 0.25 mc of the center of the IF band which in this 
case is 60 mc. 

2.72 Automatic Gain Control 

Automatic gain control (AGC) of a selected radar signal is often required 
in military radar systems employed for fire control or aircraft interception 
purposes. In the case of the common search radar system, AGC is seldom 
required. The radar receiver AGC function is quite similar to that required 
of this circuit in the usual radio communication system, i.e., automatic am- 




Fig. 71. — AFC component design as employed in AN/APQ-7 airborne radar system. 

plitude stabilization of the desired signal. For the radar receiver case, 
however, the desired signal must be selected on a time interval basis. 

In the usual type of automatic tracking radar system, the target is selected 
by manual alignment of a range and/or bearing "gate". This gating process 
is essentially a modulation process by which the complete received radar 
pulse signals are modulated with a rectangular pulse synchronized with 
the outgoing radar pulse. The modulating pulse or gate has a finite ampli- 
tude only over the time interval under observation. In this manner all 
received information, except that occurring during the selected time interval, 
is effectively rejected and the automatic gain control circuit operation is 
entirely defined by the data present during this time interval. 

The remainder of the automatic gain control circuit is concerned with 
the measurement of the amplitude of the selected signal, usually by a peak 
voltage measurement, the averaging of this measurement over a convenient 
time interval, and the production of a suitable gain control voltage to be im- 
pressed upon the radar receiver IF or video amplifier circuit.- The detailed 
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AGC circuit design is dependent to a major extent upon the dynamic 
characteristics of the associated automatic tracking device. The subject 
of automatic tracking design principles cannot be reviewed here and accord- 
ingly more detailed AGC design consideration must also await inclusion in 
such a future report. 

2.8 Radar Receiver Power Supplies 

The remaining components of the radar receiver to be here reviewed con- 
sist of the power supplies necessary to produce the various d-c potentials as 
required for the operation of the electronic components of the receiver. The 
principal design problems associated with these components arise from the 
relatively poor stability characteristics of the prime sources of power avail- 
able at the military scene and the rather severe output voltage requirements 
to adequately serve the precision nature of radar reception, display, and 
measurement. The supply voltages necessary for a military radar receiver 
range from low bias potentials upward to 5000 volts for cathode-ray tubes 
and TR application with both polarities often required. 

2.81 Primary Power Sources 

The characteristics of the primary source of power available for the mili- 
tary radar system are dependent on the area of use of the equipment. In 
the case of mobile ground radar installations, the gasoline engine driven 
generator represents the typical primary power source. In the case of larjge 
mobile radar systems it is customary to employ 115-volt — 60-cycle primary 
power, while in certain more portable designs 115-volt — 400-cycle primary 
power has proven satisfactory. The frequency and output voltage of a 
gasoline engine driven alternator cannot be maintained within the narrow 
limits desired by the radar receiver and here the major burden of precise 
voltage regulation must be carried by the electronic regulated power supply 
within the radar receiver. 

For naval vessel radar installations 115-230-volt — 60-cycle primary power 
is commonly available on the larger vessels. For PT and similar smaller 
craft, certain radar installations have been employed operating from 24-48 
volts direct current with motor generator sets supplying 60-cycle or 400-cycle 
power for the radar system. In the case of undersea craft, the storage 
battery is employed as a primary source of power and motor generator sets 
are employed to obtain 115 volts, 60 cycles in most instances. 

The primary source of power for aircraft radar purposes is either a low 
voltage (27 volts) d-c generator driven by the aircraft engine or an alter- 
nator similarly driven. If d-c power is available, an additional motor gen- 
erator set may be employed to furnish the 115-volt — 400 to 800-cycle power 
for the radar equipment use. Voltage regulators of the carbon pile compres- 
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sion or electronic types are usually employed here, resulting in a nominal ± 
3% voltage stabilization. The extreme variable electrical loads imposed 
upon the aircraft power system by electrically operated gun turrets and 
other combat equipment result in increased emphasis being placed on ade- 
quate regulation capabilities of the radar receiver power supplies. In 
addition, the ever-present requirement of minimum weight for aircraft 
equipment results in motor generator designs employing a minimum of 
magnetic material and usually results in a variation in output voltage wave 
shape with load. This factor must also be considered in the detailed 
design of the aircraft radar receiver power supplies. 

During the initial airborne radar development program, the power 
frequencies in common use were 400 cps and 800 cps. The British use of 
direct coupled aircraft engine driven alternators produced variable fre- 
quency output voltages ranging from 12C0-2400 cps dependent on the en- 
gine speed. In connection with the electronic warfare standardization pro- 
gram for equipment to be used jointly by our allies, the aircraft radar system 
was required to operate over the entire range of power frequencies extending 
from 490 cps to 2400 cps. All of the airborne radar equipment developed 
during the later half of World War II was designed to meet these variable 
power frequency requirements. 

2.82 Low Voltage Power Supplies 

The electronic regulated power supply has been universally employed to 
furnish the stable low voltages as required by the radar receiver. Here the 
output voltages required extend from 50 volts to 600 volts with maximum 
direct current required extending upward to 500 ma. 

The basic electrical circuit arrangement of such a power supply is shown 
in Fig. 72. In this circuit, the regulating element consists of a variable 
series impedance, furnished in the form of a vacuum tube and resistance 
combination, whose magnitude may be controlled electrically from an error 
signal associated with the output voltage of the power supply and a reference 
voltage. The control circuit consists of a bridge network which includes a 
constant voltage gas-discharge tube as one element. A d-c amplifier is 
connected across the output terminals of this bridge circuit and serves to 
amplify the error signal for use in the regulating element. If the output 
voltage of the power supply varies from the desired value for any cause, the 
error signal appears at the output terminals of the bridge circuit, due to the 
effective unbalance of this circuit at all voltage levels except the reference 
value. The error signal after sufficient amplification is impressed upon the 
grid of the series regulating tube with a polarity such that a corrective 
impedance variation results. The degree of regulation obtainable is a func- 
tion of the loop gain provided and the absolute stability of the output voltage 
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is determined primarily by the constancy of the reference voltage derived 
by the use of the gas-discharge tube. By incorporating wide frequency 
band characteristics to the loop gain elements, the maximum rate of change 
of regulation can be extended, and this circuit becomes very effective in re- 
ducing the fundamental and harmonics of the primary supply voltage. The 
effective impedance of a radar receiver power supply of this type is of the 
order of one ohm, a factor of extreme importance in reducing the unwanted 
interaction between the various receiver components by coupling due to 
this common impedance. Other variations in circuit arrangement for 
regulated power supplies are occasionally employed, the most common of 
which involves the use of a vacuum tube as a shunt regulating element as 
contrasted with the series arrangement shown here. In certain low-current 
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Fig. 72.— Simplified circuit schematic of low-voltage power supply— Series regulation 
type. 

applications the use of gas-discharge tubes of constant voltage characteris- 
tics are occasionally employed in a shunt circuit configuration. 

Figure 73 illustrates the equipment arrangement of a radar receiver power 
supply as employed for an airborne radar bombing system. In this example 
is included one non-regulated and three regulated rectifier power supplies 
with output voltages of +600, +300, +120 and -300 volts available for the 
radar receiver. The forced ventilation feature shown here is required to 
prevent extreme temperature rise of the components under high altitude 
conditions in the presence of considerable heat dissipation by the rectifier 
and series regulating circuits. Each power supply is designed as a separable 
subchassis within the over-all enclosure to provide for ease in manufacture 
and testing of the unit. The weight of this complete unit as installed in a 
military aircraft is approximately 50 pounds. 
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Fig. 73. — Low-voltage power supply for AN/APQ-7 airborne radar system — Mechani- 
cal features. 




/ 



Fig. 74. — Low-voltage power supply for AN/APQ-5 low altitude radar bombing equip- 
ment. 

Figure 74 indicates the mechanical design features of a typical airborne 
radar receiver power supply of the series regulated type as employed in the 
AN/APQ-5 radar bombing equipment. This example illustrates the em- 
phasis which is placed on compactness and lightweight construction of air- 
borne radar components. 
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To obtain the maximum dependable performance from the various power 
transformers and coils employed in the radar receiver power supplies under 
the severe military field conditions, a considerable development program 
was carried on throughout the past war. At the beginning of this program 
the only available method of insuring adequate transformer winding insula- 
tion under extreme humidity conditions involved the sealing of the structure 
in a metal container. For aircraft service, where weight is of prime con- 
cern, this added weight could not be tolerated so that here an open type of 
structure was extensively employed, with the protection to the winding 
being furnished in the form of several coats of varnish followed by an enamel 
overcoat. With the increased emphasis on high-altitude operation of mili- 
tary aircraft and the rapid temperature and pressure changes involved, a 
development program was instituted to improve the open-type transformer 
sealing process. The result of this program has produced the Flexseal 
process whereby the service life of this type of power transformer has been 
increased as much .as ten times that obtained with the varnish process for- 
merly employed. This process involves a multiple-dip varnish coating 
method where the varnish is thickened by the addition of talc, a very 
fine low-gravity wettable inert filler. This process results in the formation 
of a relatively thick plastic shell which completely surrounds the trans- 
former structure. One of the features of this process is found in its sim- 
plicity, whereby no special equipment was required to carry out the pro- 
cedure, an important factor during a wartime production program. Figure 
75 illustrates a number of typical open-type power transformers which 
were employed on various military radar projects, all of which incorporate 
the Flexseal treatment for improved service life. 

2.83 High Voltage Power Supplies 

The high voltage, as required for radar receiver cathode-ray tube indicator 
purposes, varies from 2000 volts to 5000 volts, and for the TR tube keep- 
alive potentials of the order of 1000 volts must be provided. In these cases, 
however, the d-c current requirements are quite small and generally no 
regulation means are required for stabilization of the voltage, the stability 
of the primary source of power usually being sufficient. 

The design problems encountered in this type of power supply are con- 
cerned primarily with the requirements of reliability of operation under 
severe military operating conditions, and further require that only circuit 
elements having well-defined factors of safety be employed in such appli- 
cations. 

Figure 76 illustrates a number of typical high-voltage transformer designs 
which have been employed in military radar systems during the past war 
period. Both air insulated and oil immersed types of structures are shown. 
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Fig. 75. — Flexseal treated open-core type power transformers as developed for air- 
borne radar application. 




Fig. 76. — Power transformer designs for high voltage radar power supply applica- 
tion — Air-insulated and oil-filled types are included. 

The use of air insulation in a high-voltage transformer results in a relatively 
low coupling coefficient between primary and secondary windings and 
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accordingly restricts the range of power frequencies over which satisfactory 
regulation and operation can be expected. With the emphasis on power 
supply frequencies extending from 400 cps to 2400 cps for aircraft purposes, 
this air insulated type of structure was abandoned in favor of oil immersed 
types. The primary disadvantage of the oil immersed type of transformer 
is the increased weight of the unit. 

A high-voltage power supply design as produced for airborne radar system 
application is shown in Fig. 77. In this example 4-4900 volts is supplied 
for cathode-ray tube indicator purposes and — 1000 volts is available for the 
TR tube keep-alive circuit. This unit employs an air insulated type of 




Fig. 77. — High-voltage power supply for airborne radar receiver application — pressur- 
ized type. 

high-voltage transformer and by the use of a hermetically sealed enclosure 
operated at sea-level atmospheric pressure, satisfactory performance at high 
altitudes is realized. • 



Conclusion 

The complete technical story of radar is of a magnitude comparable to a 
detailed report of the military campaigns of this past global war. During 
this period, the Bell Telephone Laboratories developed for manufacture more 
than 70 specialized radar systems for the Armed Services. It has been 
possible here only to review the major technical considerations which in- 
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fluence design of a military radar receiver and to present a few radar circuit 
and equipment illustrations of the specialized technology that has resulted. 
It is a tribute to the ingenuity and industry of the workers in the radar field 
that this technology, developed under extremely accelerated and difficult 
conditions, will have a permanent value in future communication systems 
design . 

The material used in this paper represents the concrete contributions of 
countless individual workers within and without the Bell Telephone Labora- 
tories. The equipment products illustrated are the product of concentrated 
effort on the part of the staff of the Western Electric Company who pro- 
duced these specialized and complex radar systems in quantities and within 
schedules necessary for the successful prosecution of the war. It is regret- 
table that it is an impossible task to assign individual credit for these spe- 
cific military radar contributions. 






